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Abstract
In this work we investigate the implication of low-energy precision measurements on the quark-lepton
charged currents in general neutrino interactions with sterile neutrinos in effective field theories. The
physics in low-energy measurements is described by the low-energy effective field theory extended with
sterile neutrinos (LNEFT) defined below the electroweak scale. We also take into account renormalization
group running and match the LNEFT onto the Standard Model (SM) effective field theory with sterile neutri-
nos (SMNEFT) to constrain new physics (NP) above the electroweak scale. The most sensitive low-energy
probes are from leptonic decays of pseudoscalar mesons and hadronic tau lepton decays in terms of precise
decay branching fractions, the lepton flavor universality and the Cabibbo-Kobayashi-Maskawa (CKM) uni-
tarity. We also consider other constraints including nuclear beta decay. The constraints on charged current
operators are generally stronger than the ones for quark-neutrino neutral current operators. We find that the
most stringent bounds on the NP scale of lepton-number-conserving and lepton-number-violating operators
in SMNEFT are 74 (110) TeV and 9.8 (13) TeV, respectively, for the operators with down (strange) quark.
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I. INTRODUCTION
The absence of any signal for new physics (NP) beyond the Standard Model (BSM) at the Large
Hadron Collider (LHC) has sparked a renaissance in the search for the BSM physics at low-energy
experiments. The hints for BSM physics, however, may hide in deviations from the SM in low-
energy precision measurements. The precision era in neutrino physics sheds light on possible new
dynamical degrees of freedom such as right-handed (RH) neutrinos and non-standard neutrino
interactions. The results of low-energy precision measurements can guide our direct search for NP
in the neutrino sector at future high-energy colliders.
The effective field theory (EFT) below the electroweak (EW) scale can well describe the
physics in low-energy measurements and serves as a model-independent way to study the im-
plications for neutrino physics. The low-energy effective field theory (LEFT) is an EFT defined
below the electroweak scale ΛEW ∼ 102 GeV [1]. The LEFT respects the unbroken gauge sym-
metries SU(3)c × U(1)em after integrating out the Higgs boson h, weak gauge bosonsW,Z and
the top quark t in the SM. The LEFT extended by right-handed neutrinos N is correspondingly
named as LNEFT [2, 3]. In Ref. [3] we constructed the complete and independent operator basis
for the LNEFT up to dimension-6 1 and matched the quark-neutrino neutral current interactions
in the LNEFT to the SM effective field theory extended by RH neutrinos N (SMNEFT) [4] at the
electroweak scale. The SMNEFT respects the SM gauge group SU(3)c × SU(2)L × U(1)Y and
describes the physics above the electroweak scale up to the NP scale. The full classification of
the SMNEFT operators up to dim-7 has been done in Refs. [5–9]. By studying the implication
of low-energy measurements for the neutral currents in LNEFT, we found that the most stringent
bound on the NP scale in SMNEFT is 1.5 TeV for the neutrino-quark operators [3]. We note that,
after the electroweak symmetry breaking, some SMNEFT operators yielding the neutrino-quark
neutral currents can also induce charged current operators in the LNEFT. The charged current op-
erators are made of a neutrino, a charged lepton, an up-type quark and a down-type quark. More
intriguingly, the relevant SMNEFT operators may be subject to more stringent constraints due to
the presence of charged leptons.
In this paper we investigate the implication of low-energy measurements on the charged cur-
rents in LNEFT with both lepton-number-conserving (LNC) and lepton-number-violating (LNV)
operators. The most sensitive low-energy probes arise from the weak leptonic decays of pseu-
doscalar mesons and hadronic tau lepton decays in terms of precise decay branching ratios (BRs),
the lepton flavor universality (LFU) in pseudoscalar meson and tau lepton decays and the Cabibbo-
Kobayashi-Maskawa (CKM) unitarity. We also consider the constraint on charged currents in
LNEFT from nuclear beta decay and predict new contributions to weak decays of light vector
mesons. Since the high scale NP effect is usually parameterized in the SMNEFT, we then take
into account renormalization group (RG) running effect from the experimental scale to the EW
scale and match the LNEFT onto the SMNEFT to constrain the relevant NP scale.
1 An independent set of operators at dim-6 in LNEFT was given in Ref. [2].
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The paper is outlined as follows. In Sec. II, we describe the general charged current operators
in the LNEFT basis. The LNEFT operators are then matched to the SMNEFT. We give the ana-
lytical expressions for the low-energy constraints from the decay branching fractions, the LFU in
pseudoscalar meson and tau lepton decays, the CKM unitarity and nuclear beta decay in Sec. III.
The numerical results are given in Sec. IV. We also discuss other relevant constraints and pre-
dict modification of weak decay rates of vector mesons in Sec. V. Our conclusions are drawn in
Sec. VI. Some calculational details are collected in the appendices.
II. GENERAL NEUTRINO INTERACTIONS WITH RH NEUTRINOS
The main focus of this work is on low-energy precision measurements of charged current pro-
cesses involving neutrinos from the perspective of effective field theory. We in particular consider
leptonic decays of pseudoscalar mesons, hadronic tau lepton decays, the LFU in pseudoscalar me-
son and tau lepton decays, the CKM unitarity and β decays. All those observables are measured
at the sub-GeV scale but generated by the W boson at the EW scale and/or the possible heavy
NP beyond the EW scale. Thus, it is suitable to work in the framework of LNEFT defined below
the electroweak scale ΛEW. Its dynamical degrees of freedom include the five quarks (u, d, s, c, b),
all charged leptons (e, µ, τ) and neutrinos (νe, νµ, ντ ) in the SM and an arbitrary number of BSM
RH neutrinos N . The power counting of LNEFT is determined by both the NP scale ΛNP and the
electroweak scale ΛEW. The LNEFT consists of dim-3 fermion mass terms, dim-4 kinetic terms
and higher dimensional operators O(d)i,L(d ≥ 5) (dim-d) built out of those light fields and satisfies
the SU(3)c × U(1)em gauge symmetry. The LNEFT Lagrangian is
LLNEFT = Ld≤4 +
∑
i
∑
d≥5
C
(d)
i,LO(d)i,L , (1)
where C
(d)
i,L is the Wilson coefficient (WC) of operatorO(d)i,L. Generally, the Wilson coefficient C(d)i,L
scales as Λn+4−dEW /Λ
n
NP with integer n ≥ 0. In Appendix A we summarize the dim-6 operator basis
involving RH neutrinos N in the LNEFT [3].
We assume the LNEFT is a low-energy version of the SMNEFT which is defined above the
electroweak scale. In the SMNEFT, the renormalizable SM Lagrangian is extended by the RH
neutrino sector and a tower of higher dimensional effective operators O(d)i with increasing canon-
ical dimension d ≥ 5. The importance of these operators is measured by the Wilson coefficients
C
(d)
i with decreasing relevance
LSMNEFT = LSM+N +
∑
i
∑
d≥5
C
(d)
i O(d)i , (2)
where LSM+N is the renormalizable SM Lagrangian extended by RH neutrinos N . The unknown
Wilson coefficient C
(d)
i encodes the heavy NP contribution and is associated with an effective NP
scale via ΛNP = (C
(d)
i )
1/(4−d). For a given NP model, after integrating out the new heavy states,
it can be determined as the function of the parameters in the NP model through matching and
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renormalization group running. In Appendix B we collect the relevant SMNEFT operators used
in our analysis for the generic neutrino interactions.
A. General lepton-quark charged current operators in LNEFT basis
Denoting the SM left-handed neutrinos as ν and the right-handed sterile neutrinos as N , the
dim-6 quark-lepton charged current operators with lepton number conservation are [1–3]
OVudℓν1 =(uLγµdL)(ℓLγµν) , OVudℓν2 =(uRγµdR)(ℓLγµν) ,
OSudℓν1 =(uRdL)(ℓRν) , OSudℓν2 =(uLdR)(ℓRν) ,
OTudℓν =(uRσµνdL)(ℓRσµνν) , (3)
OVudℓN1 =(uLγµdL)(ℓRγµN) , OVudℓN2 =(uRγµdR)(ℓRγµN) ,
OSudℓN1 =(uLdR)(ℓLN) , OSudℓN2 =(uRdL)(ℓLN) ,
OTudℓN =(uLσµνdR)(ℓLσµνN) , (4)
together with their hermitian conjugates. Here ui and di stand for up-type quarks (u, c) or down-
type quarks (d, s, b) respectively, ℓi are charged leptons (e, µ, τ), νi are active left-handed (LH)
neutrinos (νe, νµ, ντ ), and Ni are RH neutrinos. The quark fields and the charged lepton fields are
in the mass basis, while the LH and RH neutrino fields are in the flavor basis. Both νi andNi carry
lepton number L(νi) = L(Ni) = +1. The flavors of the two quarks and those of the two leptons
in the above operators can be different although we do not specify their flavor indexes here. The
dim-6 quark-lepton charged current operators which induce lepton number violation are
OVduℓν1 =(dLγµuL)(ℓCRγµν) , OVduℓν2 =(dRγµuR)(ℓCRγµν) ,
OSduℓν1 =(dRuL)(ℓCLν) , OSduℓν2 =(dLuR)(ℓCLν) ,
OTduℓν =(dRσµνuL)(ℓCLσµνν) , (5)
OVduℓN1 =(dLγµuL)(ℓCLγµN) , OVduℓN2 =(dRγµuR)(ℓCLγµN) ,
OSduℓN1 =(dLuR)(ℓCRN) , OSduℓN2 =(dRuL)(ℓCRN) ,
OTduℓN =(dLσµνuR)(ℓCRσµνN) , (6)
together with their hermitian conjugates. In the above, charge conjugation of a fermion field ψ is
defined through ψC = Cψ
T
with the charge conjugation matrix C satisfying CT = C† = −C and
C2 = −1. Next, we can incorporate the RG running effect from the experimental scale taken as
the chiral symmetry breaking scale Λχ ≃ 1 GeV to the electroweak scale ΛEW ≃ mW to match
the LNEFT to the SMNEFT.
The RG equations for the Wilson coefficients of the charged currents in Eqs. (3-6) from 1-loop
QCD and QED corrections are [10]
µ
d
dµ
CVA =+ 3
α
2π
QuQeC
V
A , C
V
A ∈
{
CV,prstudℓν1 , C
V,prst
udℓN2, C
V,prst
duℓν2 , C
V,prst
duℓN1
}
,
4
µ
d
dµ
CVB =− 3
α
2π
QdQeC
V
B , C
V
B ∈
{
CV,prstudℓν2 , C
V,prst
udℓN1, C
V,prst
duℓν1 , C
V,prst
duℓN2
}
,
µ
d
dµ
CSA =− 3
( α
2π
QuQd +
αs
2π
CF
)
CSA , C
S
A ∈
{
CS,prstudℓν2 , C
S,prst
udℓN2, C
S,prst
duℓν2 , C
S,prst
duℓN2
}
,
µ
d
dµ
CS =− 3
( α
2π
QuQd +
αs
2π
CF
)
CS + 12
α
2π
(
Q2u −Q2d
)
CT ,
µ
d
dµ
CT =+
( α
2π
(Q2u +QuQe − 2Q2e) +
αs
2π
CF
)
CT +
1
4
α
2π
(
Q2u −Q2d
)
CS , (7)
with [
CS
CT
]
∈
{[
CS,prstudℓν1
CT,prstudℓν
]
,
[
CS,prstudℓN1
CT,prstudℓN
]
,
[
CS,prstduℓν1
−CT,prstduℓν
]
,
[
CS,prstduℓN1
−CT,prstduℓN
]}
, (8)
where the electric charges Qu = 2/3, Qd = −1/3 and Qe = −1 for the up-type quarks, down-
type quarks and charged leptons, respectively, CF = (N
2
c − 1)/2Nc with Nc = 3 is the second
Casimir operator of SU(3)c and α =
e2
4π
(αs =
g2s
4π
) with e(gs) being the QED (QCD) coupling
constant. From the above RG equations we see the scalar-type operator OSqqeν(N)1 and tensor
operator OTqqeν(N) mix under the QED correction. The solution of the RG equations is given by
CVA (µ1) =
[
αem(µ2)
αem(µ1)
]−3QuQe/be
CVA (µ2) ,
CVB (µ1) =
[
αem(µ2)
αem(µ1)
]3QdQe/be
CVB (µ2) ,
CSA(µ1) =
[
αs(µ2)
αs(µ1)
]3CF /b [αem(µ2)
αem(µ1)
]3QuQd/be
CSA(µ2) , (9)
in terms of the Wilson coefficients at the scales µ1 and µ2. We introduced the coefficient b =
−11 + 2/3nf from the RG equation of the QCD coupling with nf being the number of active
quark flavors between scales µ1 and µ2, and the corresponding coefficient be =
∑
i
4
3
(Nc)iQ
2
i =
4(3nℓ + 4nu + nd)/9 from the RG equation of the QED coupling with nℓ,u,d being the active
number of leptons/up-type quarks/down-type quarks between the two scales. For CS and CT ,
the coupled differential equations have no analytical solutions. We take the scale µ1 (µ2) to be
Λχ ≃ 1 GeV (ΛEW ≃ mW ), and use the 4-loop QCD running implemented in RunDec [11] for
αs with initial value αs(mZ) = 0.1179 and the 1-loop QED running result for α with initial value
α(me) = 1/137.036. After including quark and lepton threshold effects, the numerical results are
CVA (Λχ) =1.01C
V
A (ΛEW) , C
V
B (Λχ) = 1.01C
V
B (ΛEW) , C
S
A(Λχ) = 1.78C
S
A(ΛEW) ,
CS(Λχ) =1.78C
S(ΛEW)− 2.90× 10−2CT (ΛEW) ,
CT (Λχ) =− 5.16× 10−4CS(ΛEW) + 0.835CT (ΛEW) . (10)
We see the scalar Wilson coefficient CS(Λχ) defined at Λχ receives a relatively considerable con-
tribution from the tensor Wilson coefficient CT (ΛEW) defined at ΛEW via the mixing in RG run-
ning. For the low-energy observables sensitive to scalar operators but not the tensor operators, this
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Class Matching of the Wilson coefficients at the electroweak scale ΛEW
LNC CV,prstudℓν1 = 2VxrC
(3),tsxp∗
lq −
g¯22
2m2
W
[Wl]
∗
ts[Wq]pr C
V,prst
udℓν2 = −
g¯22
2m2
W
[Wl]
∗
ts[WR]pr
ℓν case CS,prstudℓν1 = VxrC
(1),tsxp∗
lequ C
S,prst
udℓν2 = C
tsrp∗
ledq
CT,prstudℓν = VxrC
(3),tsxp∗
lequ
LNC CV,prstudℓN1 = −
g¯22
2m2W
[Wq]pr[WN ]
∗
ts C
V,prst
udℓN2 = C
rpts∗
duNe −
g¯22
2m2W
[WR]pr[WN ]
∗
ts
ℓN case CS,prstudℓN1 = −CstprLNQd + 12CsrptLdQN CS,prstudℓN2 = VxrCxpts∗QuNL
CT,prstudℓN =
1
8C
srpt
LdQN
LNV CV,prstduℓν1 = +
g¯22
2m2W
[Wq]
∗
rp[W/l ]ts C
V,prst
duℓν2 = − v√2C
prts
d¯uLeH
+
g¯22
2m2W
[WR]
∗
rp[W/l ]ts
ℓν case CS,prstduℓν1 = +
v√
2
Cprst
d¯QLLH1
CS,prstduℓν2 = +
v√
2
V ∗xpCxrstQ¯uLLH
CT,prstduℓν = +
v√
2
Cprst
d¯QLLH2
LNV CV,prstduℓN1 = − v√2V ∗xpCxrtsQNLH2 +
g¯22
2m2W
[Wq]pr[W /N ]ts C
V,prst
duℓN2 = +
v√
2
CprtsduNLH +
g¯22
2m2W
[WR]pr[W /N ]ts
ℓN case CS,prstduℓN1 = +
v√
2
V ∗xpCxrtsQuNeH1 C
S,prst
duℓN2 = +
v√
2
CprtsdQNeH
CT,prstduℓN = − v√2V ∗xpCxrtsQuNeH2
TABLE I. The matching result of the LNEFT and SMNEFT at the electroweak scale ΛEW. The correspond-
ing operators associated with the above SMNEFTWilson coefficients are collected in Appendix B.
mixing term is important to constrain the tensor Wilson coefficients through the direct constraints
on scalar Wilson coefficients.
B. Matching to the SMNEFT
SMNEFT describes NP which enters at a sufficiently high scale above the electroweak scale.
See Appendix B for a complete list of SMNEFT operators involving RH neutrinos N up to dim-7
and the relevant dim-6 and dim-7 operators without N . LNEFT should be matched to SMNEFT
at the electroweak scale µ = mW in order to constrain NP. We list the relevant tree-level matching
conditions for the LNC and LNV cases in Table I, and part of the matching results has also been
given in Refs. [1, 2, 12]. Here v = (
√
2GF )
−1/2 ≃ 246GeV is the SM Higgs vacuum expectation
value (vev), and V is the unitary matrix transforming left-handed up-type quarks between flavor
eigenstate u′L and mass eigenstate uL, i.e. u
′
L = V
†uL. We choose the basis, where the flavor
and mass eigenstates of the charged leptons, the left-handed down-type quarks and RH quarks are
identical. Thus the unitary matrix V is the CKM matrix.
In Table I, the modified coupling constants [Wi]pr of theW boson with various charged currents
are defined via the generalized charged current
L ⊃ − g¯2√
2
W+µ
(
[Wq]pruLpγµdLr + [WR]pruRpγµdRr + [Wl]prνpγµℓLr + [WN ]prNpγµℓRr
)
6
− g¯2√
2
W+µ
(
[W/l ]prν
C
p γµℓRr + [W /N ]prN
C
p γµℓLr
)
+ h.c. , (11)
where the terms in the first (second) line conserve (violate) lepton number. The dim-6 and dim-7
SMNEFT interactions shift the coupling constants to take the following form
[Wq]pr =Vpr + v
2C
(3),px
Hq Vxr , [WR]pr =
1
2
v2CprHud ,
[Wl]pr =δpr + v
2C
(3),pr
Hl , [WN ]pr =
1
2
v2CprHNe ,
[W/l ]pr =−
v3
2
√
2
CprLeHD , [W /N ]pr =−
v3
2
√
2
CprNL1 . (12)
From the definition above and Table I, we see the SM contribution enters the matching only
through the LNC operator OVudℓν1 with Wilson coefficient CV,prαβudℓν1,SM = −4GF√2 Vprδαβ . For the
operators OudℓN2, Oduνe2, OduℓN2, the matching contribution from integrating out theW boson is
bilinear in terms of the SMNEFT dim-6 and dim-7 Wilson coefficients, therefore, the contribution
is doubly suppressed and can be neglected in the numerical analysis.
III. LOW-ENERGY PROCESSES AND RELEVANT CONSTRAINTS
In this section we discuss the sensitivity of low-energy precision measurements to the charged
currents in LNEFT and give the analytical expressions for the constraints. We consider decay
branching fractions, the LFU and the CKM unitarity in leptonic decays of pseudoscalar mesons
and hadronic tau lepton decays. Below, we first present the general expressions of the partial decay
widths needed for the observables.
We restrict ourselves to 2-body decays and calculate the decay widths Γ(M+ → ℓ+ν) and
Γ(τ− → M−ν) with M denoting a light meson. We denote the meson M as M+(upd¯r) ≡ M+
and M−(u¯pdr) ≡ M− and it can be either a pseudoscalar meson P or a vector meson V . For a
pseudoscalar meson P , the transition matrix elements to the vacuum state from the scalar, vector,
and tensor quark currents are zero. The only non-vanishing matrix elements are for pseudoscalar
currents, axial-vector currents and the anomaly matrix elements. The relevant decay constants for
our study are [13, 14]
〈0|q¯γµγ5q′|P (p)〉 = ifPpµ , 〈0|q¯γ5q′|P (p)〉 = −i hP
mq +mq′
, (13)
where fP is the decay constant of pseudoscalar P and, for different-flavor quarks q 6= q′, hP =
m2PfP with mP being the mass of P . The non-vanishing hadronic matrix elements for a vector
meson V with momentum p and polarization vector ǫµV can be parameterized as [14, 15]
〈0|q¯γµq′|V (p)〉 =fVmV ǫµV , 〈0|q¯σµνq′|V (p)〉 =ifTV (ǫµV pν − ǫνV pµ) . (14)
where fV and f
T
V are the vector and tensor form factors pertinent to the vector meson V , and mV
is the mass of V . In the following we assume the limit of massless right-handed neutrinos.
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For the charged leptonic decay of a pseudoscalar meson P+, from Eqs. (3, 4), we obtain the
following∆L = 0 partial decay widths
Γ(P+ → ℓ+αXβ) =
(m2P −m2ℓα)2m2ℓαf 2P
64πm3P
∣∣∣CVudℓX1 − CVudℓX2 − ηXJPℓα(CSudℓX1 − CSudℓX2)∣∣∣2 ,(15)
where X ∈ {ν,N} and we defined ην = 1 and ηN = −1. We do not show the flavor indices
of the Wilson coefficients explicitly for brevity. They are easily recognized in terms of the quark
content of the pseudoscalar meson P+ and the flavors of charged lepton ℓ and neutrino ν/N (the
same abbreviated convention is also implied in the following unless we show them explicitly for
specific observables). mℓα is the mass of the charged lepton ℓα and JPℓα denotes the mass ratio
JPℓα =
m2P
mℓα(mup +mdr)
. (16)
The Wilson coefficients CVudℓν1 with the same-lepton-flavor components can be split into the SM
and NP contributions, i.e. CV,prααudℓν1 = C
V,prαα
udℓν1,SM + C
V,prαα
udℓν1,NP with C
V,prαβ
udℓν1,SM = −4GF√2 Vprδαβ. In the
SM, only the flavor conserving transition P+ → ℓ+ανα is allowed and the decay width takes the
form
Γ(P+ → ℓ+ανα)SM =
G2F |Vpr|2f 2Pm2ℓαmP
8π
(
1− m
2
ℓα
m2P
)2
(1 + δP ) , (17)
where the flavor indices p, r in the CKM matrix correspond to the two quarks constituting the
meson and δP parameterizes radiative corrections. From Eqs. (5, 6), the ∆L = −2 partial decay
widths with a final state anti-neutrino X¯ ∈ {ν¯, N¯} are
Γ(P+ → ℓ+α X¯β) =
(m2P −m2ℓα)2m2ℓαf 2P
64πm3P
∣∣∣CVduℓX1 − CVduℓX2 + ηXJPℓα(CSduℓX1 − CSduℓX2)∣∣∣2 .(18)
For tau lepton decay into a pseudoscalar meson and a neutrino, we have the following ∆L = 0
and ∆L = −2 partial decay widths
Γ(τ− → P−Xβ) = (m
2
τ −m2P )2f 2P
128πmτ
∣∣∣CVudℓX1 − CVudℓX2 − ηXJPτ (CSudℓX1 − CSudℓX2)∣∣∣2 , (19)
Γ(τ− → P−X¯β) = (m
2
τ −m2P )2f 2P
128πmτ
∣∣∣CVduℓX1 − CVduℓX2 + ηXJPτ (CSduℓX1 − CSduℓX2)∣∣∣2 , (20)
and the SM partial width is
Γ(τ− → P−ντ )SM = G
2
F |Vpr|2f 2Pm3τ
16π
(
1− m
2
P
m2τ
)2
(1 + δτP ) , (21)
where δτP describes radiative corrections. The partial decay widths of tau lepton decay into a
vector meson and a neutrino are
Γ(τ− → V −Xβ) = (m
2
τ −m2V )2
32πm3τ
[1
4
|CVudℓX1 + CVudℓX2|2(fV )2(m2τ + 2m2V ) (22)
8
+ 4|CTudℓX |2(fTV )2(2m2τ +m2V ) + 6Re[(CVudℓX1 + CVudℓX2)CT∗udℓX ]mτmV fV fTV
]
,
Γ(τ− → V −X¯β) = (m
2
τ −m2V )2
32πm3τ
[1
4
|CVduℓX1 + CVduℓX2|2(fV )2(m2τ + 2m2V ) (23)
+ 4|CTduℓX |2(fTV )2(2m2τ +m2V )− 6Re[(CVduℓX1 + CVduℓX2)CT∗duℓX ]mτmV fV fTV
]
.
The partial width in the SM is
Γ(τ− → V −ντ )SM = G
2
Fmτ |Vpr|2
8π
(fV )
2m2V
(
1 +
m2τ
2m2V
)(
1− m
2
V
m2τ
)2
. (24)
The matrix elements of all above processes are collected in Appendix C.
To evaluate the constraints on the LNEFT WCs from low-energy measurements, we need to
define a quantity for each observable in experiment and suppose a general observable quantity Q
below. We are able to assume that the experimental error δQexp and theoretical error in the SM
calculation δQSM are uncorrelated and thus simply use Gaussian error propagation to obtain the
uncertainty with respect to the SM prediction
δ
(Qexp
QSM
)
=
[(
δQexp
Qcent.exp
)2
+
(
δQSM
Qcent.SM
)2] 12 ∣∣∣∣Qcent.expQcent.SM
∣∣∣∣ , (25)
where Qcent.exp and Qcent.SM denote the central values of experimental measurement and theoretical
prediction, respectively. For the observable Q, we denote the NP contribution encoded in the
effective operators relative to SM prediction by ∆RQ =
QEFT
QSM − 1 and demand that
QEFT
QSM is
compatible with the experimental result over the SM value
Qexp
QSM =
Qcent.exp
Qcent.
SM
± δ
(
Qexp
QSM
)
. Then we
have the constraint on the deviation∆RQ
|∆RQ| ≤
∣∣∣∣1− Qcent.expQcent.SM
∣∣∣∣ + δ
(Qexp
QSM
)
. (26)
Next we explore each observable in terms of LNEFT WCs and evaluate the corresponding errors.
A. Decay branching ratios
The first observable is the decay branching fraction of pseudoscalar mesons and hadronic tau
lepton decays. The observable quantity is the partial decay width and the experimental results of
decay branching fractions are given in Table II. For the charged leptonic decay of a pseudoscalar
meson P+, we obtain the following partial decay width with respect to the SM prediction
1 + ∆Pℓα ≡
Γ(P+ → ℓ+α + inv.)
Γ(P+ → ℓ+ανα)SM
, (27)
∆Pℓα ≃ 2Re
[
(CV,prααudℓν1,SM)
−1
(
CV,prααudℓν1,NP − CV,prααudℓν2 − JPℓα(CS,prααudℓν1 − CS,prααudℓν2 )
)]
+
1
|CV,prααudℓν1,SM|2
∑
β 6=α
∣∣∣CV,prαβudℓν1 − CV,prαβudℓν2 − JPℓα(CS,prαβudℓν1 − CS,prαβudℓν2 )∣∣∣2
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Decay BR Decay BR
π+ → µ+νµ (99.98770 ± 0.00004)% K+ → µ+νµ (63.56 ± 0.11)%
π+ → e+νe (1.230 ± 0.004) × 10−4 K+ → e+νe (1.582 ± 0.007) × 10−5 at 90% CL
π+ → µ+ν¯e < 1.5× 10−3 at 90% CL K+ → µ+ν¯e < 3.3 × 10−3 at 90% CL
π+ → µ+νe < 8.0× 10−3 at 90% CL K+ → µ+νe < 4.0 × 10−3 at 90% CL
τ− → π−ντ (10.82 ± 0.05)% τ− → K−ντ (6.96 ± 0.10) × 10−3
τ− → ρ−ντ (25.2 ± 0.4) × 10−2 τ− → K∗−ντ (1.20 ± 0.07) × 10−2
TABLE II. The experimental decay branching fractions of the relevant leptonic decays of pseudoscalar
mesons and hadronic tau lepton decays [16].
+
1
|CV,prααudℓν1,SM|2
∑
β
∣∣∣CV,prαβudℓN1 − CV,prαβudℓN2 + JPℓα(CS,prαβudℓN1 − CS,prαβudℓN2 )∣∣∣2
+
1
|CV,prααudℓν1,SM|2
∑
β
∣∣∣CV,rpαβduℓν1 − CV,rpαβduℓν2 + JPℓα(CS,rpαβduℓν1 − CS,rpαβduℓν2 )∣∣∣2
+
1
|CV,prααudℓν1,SM|2
∑
β
∣∣∣CV,rpαβduℓN1 − CV,rpαβduℓN2 − JPℓα(CS,rpαβduℓN1 − CS,rpαβduℓN2 )∣∣∣2 , (28)
where β labels the flavor of either active neutrino ν or sterile neutrino N .
For pseudoscalar meson P = π,K decay, the theoretical uncertainties are from both the ra-
diative correction factor δP and the decay constant fP . They are δπ = 0.0176 ± 0.0021 and
fπ = 130.2 ± 1.2 MeV for the pion and δK = 0.0107 ± 0.0021 and fK = 155.7 ± 0.3 MeV for
the Kaon [16, 17]. The experimental uncertainties are from both the lifetime measurement and
the BRs in Table II. The lifetime of the charged pion and Kaon are τπ± = 26.033 ± 0.005 ns and
τK± = 12.38 ± 0.02 ns, respectively [16]. For the lepton-number/flavor-conserving (LNC/LFC)
decays of π+ andK+, the theoretical and experimental uncertainties together with Eq. (25), result
in the following central values and errors for π and K decays
Γπeexp
ΓπeSM
=0.963± 0.018 , Γ
πµ
exp
ΓπµSM
=1.005± 0.019 ,
ΓKeexp
ΓKeSM
=0.9770± 0.0063 , Γ
Kµ
exp
ΓKµSM
=1.0084± 0.0050 . (29)
In Table II we also show the limits on the branching fractions of π and K decay into µ+ and
electron or anti-electron neutrino at the 90% confidence level (CL). The relevant data were taken
from the bubble chamber BEBC during the short baseline run of the CERN SPS ν and ν¯ wide
band beams. No ν¯e excess has been found in νµ → ν¯e and νe → ν¯e transitions and thus bounds
have been placed on these LFV and LNV decays [18]. We use these bounds to constrain the µ, e
component in the WCs contributing to the relevant processes. For LFV decays P+ → µ+νe and
LNV decays P+ → µ+ν¯e, the partial decay widths are
Γ(P+ → µ+νe) =
(m2P −m2µ)2f 2Pm2µ
64πm3P
∣∣∣CV,prµeudℓν1 − CV,prµeudℓν2 − JPµ(CS,prµeudℓν1 − CS,prµeudℓν2 )∣∣∣2 , (30)
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Γ(P+ → µ+ν¯e) =
(m2P −m2µ)2f 2Pm2µ
64πm3P
∣∣∣CV,rpµeduℓν1 − CV,rpµeduℓν2 + JPµ(CS,rpµeduℓν1 − CS,rpµeduℓν2 )∣∣∣2 . (31)
For tau lepton decay into a pseudoscalar meson P− and a neutrino, the deviation due to NP is
described by∆τP
1 + ∆τP ≡ Γ(τ
− → P− + inv.)
Γ(τ− → P−ντ )SM (32)
∆τP ≃ 2Re
[
(CV,prττudℓν1,SM)
−1
(
CV,prττudℓν1,NP − CV,prττudℓν2 − JPτ (CS,prττudℓν1 − CS,prττudℓν2 )
)]
+
1
|CV,prττudℓν1,SM|2
∑
β 6=τ
∣∣∣CV,prτβudℓν1 − CV,prτβudℓν2 − JPτ (CS,prτβudℓν1 − CS,prτβudℓν2 )∣∣∣2
+
1
|CV,prττudℓν1,SM|2
∑
β
∣∣∣CV,prτβudℓN1 − CV,prτβudℓN2 + JPτ(CS,prτβudℓN1 − CS,prτβudℓN2 )∣∣∣2
+
1
|CV,prττudℓν1,SM|2
∑
β
∣∣∣CV,rpτβduℓν1 − CV,rpτβduℓν2 + JPτ(CS,rpτβduℓν1 − CS,rpτβduℓν2 )∣∣∣2
+
1
|CV,prττudℓν1,SM|2
∑
β
∣∣∣CV,rpτβduℓN1 − CV,rpτβduℓN2 − JPτ (CS,rpτβduℓN1 − CS,rpτβduℓN2 )∣∣∣2 . (33)
In the SM calculation of tau lepton’s hadronic decay into a pseudoscalar meson and a neutrino, the
main theoretical uncertainties are from meson decay constants fP and higher order corrections,
i.e. δτπ = 0.0192± 0.0024 and δτK = 0.0198± 0.0031 [19–21]. The experimental uncertainties
are from the tau lepton lifetime ττ± = (290.3±0.5)×10−6 ns and the decay branching fractions in
Table II. For P+ = π+, K+, the theoretical and experimental uncertainties result in the following
central values and errors
Γτπexp
ΓτπSM
= 0.998± 0.019 , Γ
τK
exp
ΓτKSM
= 0.980± 0.015 . (34)
For tau lepton’s hadronic decay into a vector meson V −, the deviation is given by
1 + ∆τV ≡ Γ(τ
− → V − + inv.)
Γ(τ− → V −ντ )SM , (35)
∆τV ≃ 2Re
[
(CV,prττudℓν1,SM)
−1
(
CV,prττudℓν1,NP + C
V,prττ
udℓν2 + C
T,prττ
udℓν K
′
τV
)]
+
1
|CV,prττudℓν1,SM|2
∑
β
(∣∣∣CV,prτβudℓν1 + CV,prτβudℓν2 ∣∣∣2
β 6=τ
+
∣∣∣CV,prτβudℓN1 + CV,prτβudℓN2 ∣∣∣2)
+
1
|CV,prττudℓν1,SM|2
∑
β
(∣∣∣CV,rpτβduℓν1 + CV,rpτβduℓν2 ∣∣∣2 + ∣∣∣CV,rpτβduℓN1 + CV,rpτβduℓN2 ∣∣∣2)
+
KτV
|CV,prττudℓν1,SM|2
∑
β
(∣∣∣CT,prτβudℓν ∣∣∣2 + ∣∣∣CT,prτβudℓN ∣∣∣2 + ∣∣∣CT,rpτβduℓν ∣∣∣2 + ∣∣∣CT,rpτβduℓN ∣∣∣2) , (36)
where we omit the interference terms among NP contributions but only keep the interference terms
containing SM part shown in the first line above. The two dimensionless factors are defined as
KτV =
16(fTV )
2(2m2τ +m
2
V )
f 2V (m
2
τ + 2m
2
V )
, K ′τV =
12fTVmτmV
fV (m2τ + 2m
2
V )
. (37)
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Observable exp. SM theory
Rπe/µ (1.2344 ± 0.0030) × 10−4 [23, 24] (1.2352 ± 0.0001) × 10−4 [25]
RKe/µ (2.488 ± 0.010) × 10−5 [26] (2.477 ± 0.001) × 10−5 [25]
(gτ/µ)π 0.9958 ± 0.0026 [27] 1
(gτ/µ)K 0.9879 ± 0.0063 [27] 1
TABLE III. LFU observables. Experimental measurements are summarized in the second column and the
SM prediction in the third column.
For V − = ρ−, K∗−, the main theoretical uncertainties are from scalar and tensor decay constants
f
(T )
ρ and f
(T )
K∗ [15, 22]. In our analysis we use the numerical values for the form factors given in
Ref. [15]: fρ = (206 ± 7) MeV, fTρ (µ = 1 GeV) = (165 ± 9) MeV, fK∗ = 222 ± 8 MeV, and
fTK∗(µ = 1 GeV) = 185± 10 MeV. The experimental uncertainties are from tau lifetime and the
measured branching ratios [16]. We then obtain
Γτρexp
ΓτρSM
= 1.032± 0.072 , Γ
τK∗
exp
ΓτK
∗
SM
= 0.860± 0.080 . (38)
B. LFU in pseudoscalar meson and τ lepton decays
For LFU in pseudoscalar meson decay, we define the observable as the ratio of the decay
widths [28]
RPe/µ ≡
Γ(P → e + inv.)
Γ(P → µ+ inv.) ≃ R
P
e/µ,SM [1 + ∆Pe −∆Pµ] . (39)
where we have factorized out the NP corrections encoded in ∆Pℓ relative to the SM prediction in
the latter step. The experimental LFU measurement and the SM predictions of the above ratio for
P = π,K [25] are collected in Table III. We then obtain the combined error
Rπe/µ,exp
Rπe/µ,SM
= 0.9994± 0.0024 , R
K
e/µ,exp
RKe/µ,SM
= 1.0044± 0.0041 . (40)
For LFU in tau lepton decay, we define the observable as [27]
(gτ/µ)
2
P ≡
Γ(τ → P + inv.)2mPm2µ
Γ(P → µ+ inv.)(1 + δRτ/P )m3τ
(1−m2µ/m2P
1−m2P/m2τ
)2
(41)
with the radiative corrections being δRτ/π = (0.16±0.14)% and δRτ/K = (0.90±0.22)% [19, 29,
30]. The factor 1+δRτ/P compensates the radiative corrections δP and δτP in the SM partial widths
and then (gτ/µ)P,SM = 1. Thus, the uncertainty of (gτ/µ)P only comes from the experimental
uncertainty, which are quoted in Table III. We can then obtain for the ratio of the measured value
with respect to the SM prediction
(gτ/µ)π,exp
(gτ/µ)π,SM
= 0.9958± 0.0026 , (gτ/µ)K,exp
(gτ/µ)K,SM
= 0.9879± 0.0064 . (42)
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Decay CKM
τ → Kν |V τKus | = 0.2234 ± 0.0015 [27]
Γ(τ→Kν)
Γ(τ→πν) |V
τK/π
us | = 0.2236 ± 0.0015 [27]
Γ(K→µν)
Γ(π→µν) |V
K/πµ
us | = 0.22535 ± 0.00044 [31]
nuclear β (CMS) |V βud|CMS = 0.97389 ± 0.00018 [32]
nuclear β (SGPR) |V βud|SGR = 0.97370 ± 0.00014 [33]
TABLE IV. The CKM observables.
In the presence of NP contributions we find
(gτ/µ)P ≃ 1 + 1
2
∆τP − 1
2
∆Pµ (43)
and it thus depends on both∆τP and ∆Pµ.
C. CKM unitarity
Furthermore, NP contributions in the neutrino sector [31, 34–36] may also affect the determina-
tion of the CKM matrix elements. Concretely, the NP contribution leads to a shift in the extracted
CKM matrix elements. From Eqs. (17, 27) and Eqs. (21, 32), we find
|V Pℓpr | ≃|V Lpr|
(
1 +
1
2
∆Pℓ
)
, |V τPpr | ≃|V Lpr|
(
1 +
1
2
∆τP
)
, (44)
where V Lpr is the CKM matrix element in the SM Lagrangian, which satisfies the unitarity condi-
tion. In particular, the decays τ → Kν, Γ(τ → Kν)/Γ(τ → πν), and Γ(K → µν)/Γ(π → µν)
are used to extract the CKM matrix element Vus. The relevant
|V τKus | ≃|V Lus|
(
1 +
1
2
∆τK
)
,
|V τK/πus | ≃|V Lus|
(
1 +
1
2
∆τK − 1
2
∆τπ
)
,
|V K/πµus | ≃|V Lus|
(
1 +
1
2
∆Kµ − 1
2
∆πµ
)
. (45)
Experimentally, the CKM factors extracted from the above processes are shown in Table IV. The
result in each case strongly depends on the unitarity assumption |V Xus | =
√
1− |V Xud |2 − |Vub|2
where X indicates the process used to extract Vud. Assuming |V Lus| = 0.225 ± 0.010 [31], we
obtain for the ratios of the measured values of |Vus| relative to the |V Lus|
|V τKus |exp
|V Lus|
= 0.993± 0.045 , |V
τK/π
us |exp
|V Lus|
= 0.994± 0.045 , |V
K/πµ
us |exp
|V Lus|
= 1.002± 0.045 .(46)
We finally discuss super-allowed nuclear β decays, which probe the CKM element |Vud|. In
particular LNC vector operators with left-handed neutrinos ν interfere with the SM contribution
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and thus modify the extracted value |Vud| in β decays, which we denote by |V βud|. Denoting the
Lagrangian value of |Vud| by |V Lud|, we obtain in LNEFT
|V βud|
|V Lud|
=
∣∣∣∣∣1− C
V,udee
udℓν1,NP + C
V,udee
udℓν2
2
√
2GFV Lud
∣∣∣∣∣ , (47)
At the bottom of Table IV we quote the results for |Vud| extracted from β decay in two recent anal-
yses of Seng/Gorchtein/Ramsey-Musolf (SGR) [33] and Czarnecki/Marciano/Sirlin (CMS) [32].
A comparison with the assumed Lagrangian value |V Lud| =
√
1− (V Lus)2 = 0.9744± 0.0023 [31]
results in
|V βud|SGR
|V Lud|
=
|V βud|CMS
|V Lud|
= 0.9996± 0.0024 . (48)
The results agree due to the larger error of the assumed Lagrangian value |V Lud|.
D. β decay
Another constraint on charged current operators comes from β decay [37, 38]. Recently
Ref. [39] performed a fit to β decay for two cases with LNC interactions: in terms of LEFT
without right-handed neutrinos and LNEFT with LH neutrinos for the (axial-)vector interactions
and RH neutrinos for the scalar and tensor interactions. Here we present the limits in terms of the
LNEFT operator basis, which we introduced in Sec. II A, and reinterpret them for the LNV case.
See App. D for further details and a translation to the operator basis used in Ref. [39].
The first one is the case without RH neutrinos which is presented in Sec. 4.4 of Ref. [39].
The authors place a constraint on the LNC quark-level Wilson coefficients with LH neutrinos. In
terms of the LNEFT operator basis these constraints on the Wilson coefficients evaluated at the
renormalization scale µ = 2 GeV read
√
2
4GFVud
CV,udeeudℓν2 = 0.002± 0.001± 0.021 ,
√
2
4GFVud
(
CS,udeβudℓν1 + C
S,udeβ
udℓν2
)
= 0.0014± 0.0020± 0.0003 ,
√
2
4GFVud
CT,udeβudℓν = −0.0007± 0.0012± 0.0001 , (49)
at 90% CL. In our latter numerical analysis, we will translate the limits on the Wilson coefficients
at the renormalization scale µ = 2 GeV to limits on Wilson coefficients at the scale Λχ using the
RG equations in Eqs. (7).
As the scalar and tensor contribution do not interfere with the SM contribution CV,udeeudℓν1 in con-
trast to the contribution of the vector operator, the results can be directly translated to constraints
on LNV interactions of RH neutrinos√
2
4GFVud
(
CS,dueβ∗duℓN1 + C
S,dueβ∗
duℓN2
)
= 0.0014± 0.0020± 0.0003 ,
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−
√
2
4GFVud
CT,dueβ∗duℓN = −0.0007± 0.0012± 0.0001 . (50)
The second fit is discussed in Sec. 4.5 of Ref.[39] and involves LH neutrinos for the vector and
axial-vector interactions and RH neutrinos for the scalar and tensor interactions. In particular, the
authors placed constraints on the LNC scalar and tensor interactions of RH neutrinos N . In terms
of the LNEFT operator basis discussed in Sec. II A, the constraints read∣∣∣∣∣
√
2
4GFVud
(
CS,udeβudℓN1 + C
S,udeβ
udℓN2
)∣∣∣∣∣ < 0.063 , 0.006 <
∣∣∣∣∣
√
2
4GFVud
CT,udeβudℓN
∣∣∣∣∣ < 0.024 (51)
at 90% CL. Note that there is a preference for a non-vanishing tensor WC. We take a conservative
approach and only take into account the upper bound, when deriving constraints. Similarly to
above, this can be translated to the case of LNV interaction of LH neutrinos ν∣∣∣∣∣
√
2
4GFVud
(
CS,dueβduℓν1 + C
S,dueβ
duℓν2
)∣∣∣∣∣ < 0.063 , 0.006 <
∣∣∣∣∣
√
2
4GFVud
CT,dueβduℓν
∣∣∣∣∣ < 0.024 . (52)
We provide further details and in particular the matching to the operator basis in Ref. [39] in
App. D.
IV. NUMERICAL RESULTS
In this section, we present the experimental constraints on theWilson coefficients in the LNEFT
and SMNEFT from the observables discussed in the previous section. We adopt the above errors
for each observable and follow Eq. (26) to derive the constraints. In the following we assume that
the mass of the sterile neutrino is negligible and one operator dominates at a time to constrain the
Wilson coefficients.
In Tables V and VI we show the constraints on the Wilson coefficients of LNEFT from the low-
energy measurements in the limit of massless RH neutrinos. They correspond to the down-type
quark in the 4-fermion interaction being d and s, respectively. The last column displays the lower
limit on the energy scale in LNEFT ΛLNEFT. In some cases the relevant WC can be constrained
by more than one observable in each class, and we only show the strongest limit obtained from the
corresponding observable. For instance, in the decay BR class, Cusτβudℓν1(2),NP can be constrained by
both ΓτK and ΓτK
∗
. We only give the strongest limit obtained from ΓτK in Table VI. Generally
The neutrino flavor β is arbitrary in the two tables. In particular, the LNC ℓν coefficients have
both the LFC and LFV components and those in the LFC case have interference with the SM
contribution. The numbers outside (inside) of the round brackets indicate the LFV (LFC) cases
with β 6= ℓ (β = ℓ). For β = e we also show the constraints from π+ → µ+ν¯e/νe in square
brackets. One can see that LFU provides the most stringent constraint for the vector and scalar
WCs. In addition tau lepton decay into vector meson and beta decay give sole bounds on the ℓ = τ
and ℓ = e components of tensor WCs involving a down quark, respectively. For the operators with
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Class LNEFTWC decay BR LFU CKM unitarity β decay ΛLNEFT = |Ci|
1
4−d
[GeV4−d] Γπe, Γπµ, Γτπ, Γτρ Rπe/µ, (gτ/µ)π V
τK/π
us , V
K/πτ
us , V
β
ud [GeV]
CV,udeβudℓν1,NP (0.89)7.6 × 10−6 (0.049)1.8 × 10−6 (9.0) × 10−8 - (45)7.5 × 102
CV,udeβudℓν2 (0.89)7.6 × 10−6 ( 0.049 )1.8 × 10−6 (9.0) × 10−8 7.4× 10−7 (4.5)1.2 × 103
CV,udµβudℓν1(2),NP [ 1.3 ](0.39)5.0 × 10−6 (0.049)1.8 × 10−6 (1.5)9.9 × 10−6 - [8.9](45)7.5 × 102
LNC CV,udτβudℓν1(2),NP (0.34)4.7 × 10−6 (0.22)3.8 × 10−6 (0.17)1.0 × 10−5 - (21)5.1 × 102
ℓν case CS,udeβudℓν1(2) (0.16)1.4 × 10−9 (0.087)3.2 × 10−10 - 1.3 × 10−7 (34)5.6 × 104
CS,udµβudℓν1(2) [ 0.47 ](0.14)1.9 × 10−7 (0.18)6.6 × 10−8 (0.56)3.7 × 10−7 - [4.6](24)3.9 × 103
CS,udτβudℓν1(2) (0.21)2.9 × 10−6 (0.14)2.4 × 10−6 (1.0)6.5 × 10−6 - (27)6.5 × 102
CT,udeβudℓν - - - 5.8× 10−8 4.1 × 103
CT,udτβudℓν (0.56)2.6 × 10−6 - - - (13)6.2 × 102
CV,udeβudℓN1(2) 7.6× 10−6 1.8 × 10−6 - - 7.5 × 102
CV,udµβudℓN1(2) 5.0× 10−6 1.8 × 10−6 9.9× 10−6 - 7.5 × 102
LNC CV,udτβudℓN1(2) 4.7× 10−6 3.8 × 10−6 1.0× 10−5 - 5.1 × 102
ℓN case CS,udeβudℓN1(2) 1.4× 10−9 3.2× 10−10 - 2.3 × 10−6 5.6 × 104
CS,udµβudℓN1(2) 1.9× 10−7 6.6 × 10−8 3.7× 10−7 - 3.9 × 103
CS,udτβudℓN1(2) 2.9× 10−6 2.4 × 10−6 6.5× 10−6 - 6.5 × 102
CT,udeβudℓN - - - 7.3× 10−7 1.1 × 103
CT,udτβudℓN 2.6× 10−6 - - - 6.2 × 102
CV,dueβduℓν1(2) 7.6× 10−6 1.8 × 10−6 - - 7.5 × 102
CV,duµβduℓν1(2) [2.9]5.0 × 10−6 1.8 × 10−6 9.9× 10−6 - 7.5 × 102
LNV CV,duτβduℓν1(2) 4.7× 10−6 3.8 × 10−6 1.0× 10−5 - 5.1 × 102
ℓν case CS,dueβduℓν1(2) 1.4× 10−9 3.2× 10−10 - 2.3 × 10−6 5.6 × 104
CS,duµβduℓν1(2) [1.1]1.9 × 10−7 6.6 × 10−8 3.7× 10−7 - 3.9 × 103
CS,duτβduℓν1(2) 2.9× 10−6 2.4 × 10−6 6.5× 10−6 - 6.5 × 102
CT,dueβduℓν - - - 7.3× 10−7 1.1 × 103
CT,udτβduℓν 2.6× 10−6 - - - 6.2 × 102
CV,dueβduℓN1(2) 7.6× 10−6 1.8 × 10−6 - - 7.5 × 102
CV,duµβduℓN1(2) 5.0× 10−6 1.8 × 10−6 9.9× 10−6 - 7.5 × 102
LNV CV,duτβduℓN1(2) 4.7× 10−6 3.8 × 10−6 1.0× 10−5 - 5.1 × 102
ℓN case CS,dueβduℓN1(2) 1.4× 10−9 3.2× 10−10 - 1.1 × 10−7 5.6 × 104
CS,duµβduℓN1(2) 1.9× 10−7 6.6 × 10−8 3.7× 10−7 - 3.9 × 103
CS,duτβduℓN1(2) 2.9× 10−6 2.4 × 10−6 6.5× 10−6 - 6.5 × 102
CT,dueβduℓN - - - 5.8× 10−8 4.1 × 103
CT,udτβduℓN 2.6× 10−6 - - - 6.2 × 102
TABLE V. Constraints on the Wilson coefficients of the dim-6 charged current operators involving a down
quark in the LNEFT. In the LNC ℓν case, the numbers outside (inside) of the curly bracket indicate the LFV
(LFC) cases with β 6= ℓ (β = ℓ). We also show the constraints for the case with β = e from π+ → µ+ν¯e/νe
in Table II by the numbers in square brackets.
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Class LNEFTWC decay BR LFU CKM unitarity ΛLNEFT = |Ci|
1
4−d
[GeV4−d] ΓKe, ΓKµ, ΓτK , ΓτK
∗
RKe/µ, (gτ/µ)K V
τK
us , V
τK/π
us , V
K/πτ
us [GeV]
CV,useβudℓν1(2),NP (0.11)1.3 × 10−6 (0.32)6.9 × 10−7 - (5.6)1.2 × 103
CV,usµβudℓν1(2),NP [ 5.4 ](0.50)8.6 × 10−7 (0.32)6.9 × 10−7 (0.35)2.3 × 10−6 [1.4](5.6)1.2 × 103
LNC CV,usτβudℓν1(2),NP (0.13)1.4 × 10−6 (0.14)1.4 × 10−6 (0.38)2.4 × 10−6 (28)8.5 × 102
ℓν case CS,useβudℓν1(2) (0.22)2.5 × 10−10 (0.063)1.4 × 10−10 - (40)8.5 × 104
CS,usµβudℓν1(2) [ 2.2 ](0.21)3.6 × 10−8 (0.13)2.8 × 10−8 (1.4)9.4 × 10−8 [6.7](28)5.9 × 103
CS,usτβudℓν1(2) (0.91)9.7 × 10−7 (0.096)1.0 × 10−6 (0.26)1.7 × 10−6 (3.3)1.0 × 103
CT,usτβudℓν (2.5)8.6 × 10−7 - - (2.0)1.1 × 103
CV,useβudℓN1(2) 1.3× 10−6 6.9× 10−7 - 1.2× 103
CV,usµβudℓN1(2) 8.6× 10−7 6.9× 10−7 2.3× 10−6 1.2× 103
LNC CV,usτβ
udℓN1(2)
1.4 × 10−6 1.4 × 10−6 2.4× 10−6 8.5× 102
ℓN case CS,useβudℓN1(2) 2.5 × 10−10 1.4× 10−10 - 8.5× 104
CS,usµβudℓN1(2) 3.6× 10−8 2.8× 10−8 9.4× 10−8 5.9× 103
CS,usτβudℓN1(2) 9.7 × 10−7 1.0 × 10−6 1.7× 10−6 1.0× 103
CT,usτβudℓN 8.6 × 10−7 - - 1.1× 103
CV,sueβduℓν1(2) 1.3× 10−6 6.9× 10−7 - 1.2× 103
CV,suµβduℓν1(2) [ 5.9 ]8.6 × 10−7 6.9× 10−7 2.3× 10−6 [1.3]1.2 × 103
LNV CV,suτβduℓν1(2) 1.4 × 10−6 1.4 × 10−6 2.4× 10−6 8.5× 102
ℓν case CS,sueβduℓν1(2) 2.5 × 10−10 1.4× 10−10 - 8.5× 104
CS,suµβduℓν1(2) [ 2.4 ]3.6 × 10−8 2.8× 10−8 9.4× 10−8 [6.4]5.9 × 103
CS,suτβduℓν1(2) 9.7 × 10−7 1.0 × 10−6 1.7× 10−6 1.0× 103
CT,suτβduℓν 8.6 × 10−7 - - 1.1× 103
CV,sueβduℓN1(2) 1.3× 10−6 6.9× 10−7 - 1.2× 103
CV,suµβduℓN1(2) 8.6× 10−7 6.9× 10−7 2.3× 10−6 1.2× 103
LNV CV,suτβduℓN1(2) 1.4 × 10−6 1.4 × 10−6 2.4× 10−6 8.5× 102
ℓN case CS,sueβduℓN1(2) 2.5 × 10−10 1.4× 10−10 - 8.5× 104
CS,suµβduℓN1(2) 3.6× 10−8 2.8× 10−8 9.4× 10−8 5.9× 103
CS,suτβduℓN1(2) 9.7 × 10−7 1.0 × 10−6 1.7× 10−6 1.0× 103
CT,suτβduℓN 8.6 × 10−7 - - 1.1× 103
TABLE VI. Constraints on the Wilson coefficients of the dim-6 charged current operators involving a
strange quark in the LNEFT. In the LNC ℓν case, the numbers outside (inside) of the bracket indicate the
LFV (LFC) cases with β 6= ℓ (β = ℓ). The numbers in the square bracket indicate the constraints for the
case with β = e from π+ → µ+ν¯e/νe in Table II. In some cells, the relevant WC can be constrained by more
than one observables in the class, and we only show the strongest limit obtained from the corresponding
observable. For instance, in the decay BR class, Cusτβudℓν1(2),NP can be constrained by both Γ
τK and ΓτK
∗
,
and we only give the strongest limit obtained from ΓτK .
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Class LNEFTWC Limits ΛLNEFT = |Ci|
1
4−d LNEFTWC Limits ΛLNEFT = |Ci|
1
4−d
LNC CT,udeβudℓν (0.25)9.2 × 10−9 (6.3)1.0 × 104 CT,useβudℓν (0.18)3.9 × 10−9 (7.4)1.6 × 104
ℓν case CT,udµβudℓν [1.3](0.052)1.9 × 10−6 [8.6](44)7.3 × 102 CT,usµβudℓν [6.4](0.38)8.2 × 10−7 [1.3](5.2)1.1 × 103
CT,udτβudℓν (0.40)6.8 × 10−5 (5.0)1.2 × 102 CT,usτβudℓν (0.26)2.8 × 10−5 (6.2)1.9 × 102
LNC CT,udeβudℓN 9.2 × 10−9 1.0× 104 CT,useβudℓN 3.9× 10−9 1.6× 104
ℓN case CT,udµβudℓN 1.9 × 10−6 7.3× 102 CT,usµβudℓN 8.2× 10−7 1.1× 103
CT,udτβudℓN 6.8× 10−5 1.2× 102 CT,usτβudℓN 2.8 × 10−5 1.9× 102
LNV CT,dueβduℓν 9.2 × 10−9 1.0× 104 CT,sueβduℓν 3.9× 10−9 1.6× 104
ℓν case CT,duµβduℓν 1.9 × 10−6 7.3× 102 CT,suµβduℓν [7.0]8.2 × 10−7 [1.2]1.1 × 103
CT,duτβduℓν 6.8× 10−5 1.2× 102 CT,suτβduℓν 2.8 × 10−5 1.9× 102
LNV CT,dueβduℓN 9.2 × 10−9 1.0× 104 CT,sueβduℓN 3.9× 10−9 1.6× 104
ℓN case CT,duµβduℓN 1.9 × 10−6 7.3× 102 CT,suµβduℓN 8.2× 10−7 1.1× 103
CT,duτβduℓN 6.8× 10−5 1.2× 102 CT,suτβduℓN 2.8 × 10−5 1.9× 102
TABLEVII. Constraints on the Wilson coefficients of the dim-6 charged tensor current operators in LNEFT
at the chiral symmetry breaking scale Λχ, assuming that the tensor operator is generated at the electroweak
scale mW through the RG mixing effect with the scalar current operators. We use the most stringent
constraints on the Wilson coefficients of the dim-6 scalar current operators in Table V and Table VI and
the RG equation in Eq. (10) to obtain the results. The notation for the square/round bracket is the same
as Table V and Table VI. The grey cells imply the RG mixing effect from scalar operators giving the
most stringent limit for the relevant tensor Wilson coefficient compared with the direct constraint from the
observables in Table V and Table VI.
strange quark, tau lepton decays also constrain the ℓ = τ component of both scalar and tensor
WCs. The LNEFT cutoff scale for the charged current operators with down (strange) quark is at
least 500 (850) GeV.
As seen above, most of low-energy observables are insensitive to the tensor operators but
strongly depend on the scalar operators. Due to the RG mixing effect between the two differ-
ent types of operators in Eq. (10), we can also set bounds on tensor operators from the constraints
on scalar operators. In Table VII, we show the constraints on the tensor WCs at the chiral symme-
try breaking scale Λχ by choosing the strongest limits on the scalar operators from Tables V and
VI. These constraints assume that only a tensor operator is present at the electroweak scale ΛEW,
which then induces both scalar and tensor operators at the chiral symmetry breaking scale Λχ via
RG running. The grey cells imply that the RG mixing effect from scalar operators gives the most
stringent limit for the relevant tensor Wilson coefficient compared with the direct constraint from
the observables in Tables V and VI.
Finally, we match the bounds on the LNEFT Wilson coefficients up to the SMNEFT to con-
strain new physics above the electroweak scale and show the results in Table VIII. The limits on
new physics scale ΛNP are given in units of the SM Higgs vev v = (
√
2GF )
−1/2 ≃ 246 GeV. One
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can see that, generally, the constraints on the NP scale for the operators with a strange quark are
more stringent than those with a down quark. This is because of the enhancement by |Vud|/|Vus|
in the SM contribution of pion LFU observations with respect to that of Kaon. For the operators
with down (strange) quark, the most stringent constraints on the scales of dim-6 LNC and dim-7
LNV operators are 300 (460) v ≃ 74 (110) TeV and 40 (53) v ≃ 9.8 (13) TeV, respectively.
V. OTHER CONSTRAINTS AND VECTOR MESON DECAYS
The dominant decay channels for light vector mesons are 2-body hadronic processes mediated
by strong interactions, e.g. ρ → ππ and K∗ → Kπ. SM weak decays are highly suppressed by
the W boson exchange and have not been observed yet in low-energy experiments. Any excess
events would indicate the existence of NP beyond the SM. The general LNC (LNV) partial decay
widths of vector mesons V + ≡ V +(upd¯r) to a charged lepton ℓ+ and a neutrino X (anti-neutrino
X¯) withX ∈ {ν,N} are
Γ(V + → ℓ+αXβ) =
m3V
48π
[1
2
|CVudℓX1 + CVudℓX2|2f 2V + 4|CTudℓX|2(fTV )2
]
, (53)
Γ(V + → ℓ+α X¯β) =
m3V
48π
[1
2
|CVduℓX1 + CVduℓX2|2f 2V + 4|CTduℓX|2(fTV )2
]
, (54)
in the limit of massless charged leptons and neutrinos. Given the SM part in CVudℓν1, the SM
prediction for vector meson decay is Γ(V + → ℓ+ανα)SM = G
2
F |Vpr|2
12π
f 2Vm
3
V , and thus the branching
ratios for the leptonic decay of ρ and K∗ within the SM are B(ρ+ → ℓ+νℓ) ≈ 4.5 × 10−13 and
B(K∗+ → ℓ+νℓ) ≈ 1.4 × 10−13. Taking into account the discussed constraints on the NP vector
and tensor WCs, we find that the allowed branching ratio for any NP contribution to the leptonic
decay of vector mesons is at least two orders of magnitude smaller than the SM predictions. Hence,
it is unlikely to observe the NP through the weak decays of vector mesons.
The dim-7 SMNEFT operators matched in Table I can also contribute to the neutrinoless double
beta decay (0νββ) through the long distance mechanism mediated by light neutrinos [40]. The
authors of Refs. [41, 42] considered the constraints on the dim-7 SMEFT operators without RH
neutrinos from the 0νββ. The most stringent bounds are set by the experimental limit on the half-
life of 136Xe [43], which translate into a lower bound on the NP scale in our operator convention
as [41, 42]
(
C11eed¯uLeH
)−1/3
& O(10 TeV) ,
{
CeeLeHD, C
11ee
Q¯uLLH , C
11ee
d¯LQLH1(2)
}−1/3
& O(100 TeV) , (55)
Compared with the low energy observables studied above, we see the 0νββ puts the most stringent
constraints on the ee lepton flavors. Such results imply the 0νββ could also constrain the dim-7
SMNEFT operators involving RH neutrinos with a similar precision [44]. We leave a detailed
study on the 0νββ from the dim-7 SMNEFT operators involving RH neutrinos in Table XII for
future work.
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Dim-6 LNCWC [v−2] ΛNP = |Ci|−
1
2 [v] Dim-6 LNCWC [v−2] ΛNP = |Ci|−
1
2 [v]
|VxdC(3),βex1∗lq − VxdC(3),1xHq δβe − VudC(3),βe∗Hl | (0.15)5.4 × 10−2 (26) 4.3 |C11Hud| 2.9× 10−3 18
|VxdC(3),βµx1∗lq − VxdC(3),1xHq δβµ − VudC(3),βµ∗Hl | [3.9](0.15)5.4 × 10−2 [5.1] (26) 4.3 - - -
|VxdC(3),βτx1∗lq − VxdC(3),1xHq δβτ − VudC(3),βτ∗Hl | (0.066)1.1 × 10−1 (12) 3.0 - - -
|VxdC(1),βex1lequ | , |Cβe11ledq | (0.03)1.1 × 10−5 (18)3 × 102 |VxdC
(3),βex1
lequ | (0.18)6.7 × 10−4 (230)39
|VxdC(1),βµx1lequ | , |Cβµ11ledq | [1.6](0.061)2.2 × 10−3 [25](130)21 |VxdC(3),βµx1lequ | [0.094](0.0038)0.14 [3.3](16)2.7
|VxdC(1),βτx1lequ | , |Cβτ11ledq | (0.48)8.2 × 10−2 (14)3.5 |VxdC(3),βτx1lequ | (0.041)0.19 (5.0) 2.3
|VudCβeHNe| 0.11 3.0 |C11βeduNe| 0.11 3.0
|VudCβµHNe| 0.11 3.0 |C11βµduNe| 0.11 3.0
|VudCβτHNe| 0.23 2.1 |C11βτduNe| 0.23 2.1
|Ceβ11LNQd − 12Ce11βLdQN |, |VxdCx1βe∗QuNL| 1.1× 10−5 300 |Ce11βLdQN | 5.3× 10−3 14
|Cµβ11LNQd − 12Cµ11βLdQN |, |VxdCx1βµ∗QuNL| 2.2× 10−3 21 |Cµ11βLdQN | 1.1 0.95
|Cτβ11LNQd − 12Cτ11βLdQN |, |VxdCx1βτ∗QuNL| 8.2× 10−2 3.5 |Cτ11βLdQN | 1.5 0.81
Dim-7 LNVWC [v−3] ΛNP = |Ci|−
1
3 [v] Dim-7 LNVWC [v−3] ΛNP = |Ci|−
1
3 [v]
|VudCβeLeHD|, |V ∗xdCx1βeQNLH2 + VudCβeNL1| 0.15 1.9 |C11βed¯uLeH |, |C
11βe
duNLH | 0.15 1.9
|VudCβµLeHD|, |V ∗xdCx1βµQNLH2 + VudCβµNL1| 0.15 1.9 |C11βµd¯uLeH |, |C
11βµ
duNLH | 0.15 1.9
|VudCβτLeHD|, |V ∗xdCx1βτQNLH2 + VudCβτNL1| 0.32 1.5 |C11βτd¯uLeH |, |C
11βτ
duNLH | 0.32 1.5
|C11eβ
d¯QLLH1
|, |V ∗xdCx1eβQ¯uLLH |, |V ∗xdC
x1βe
QuNeH1|, |C11βedQNeH | 1.5× 10−5 40 |C11eβd¯QLLH2|, |V ∗xdC
x1βe
QuNeH2| 9.4× 10−4 10
|C11µβ
d¯QLLH1
|, |V ∗xdCx1µβQ¯uLLH |, |V ∗xdC
x1βµ
QuNeH1|, |C11βµdQNeH | 3.2× 10−3 6.8 |C11µβd¯QLLH2|, |V ∗xdC
x1βµ
QuNeH2| 0.20 1.7
|C11τβ
d¯QLLH1
|, |V ∗xdCx1τβQ¯uLLH |, |V ∗xdC
x1βτ
QuNeH1|, |C11βτdQNeH | 0.12 2.1 |C11τβd¯QLLH2|, |V ∗xdC
x1βτ
QuNeH2| 0.27 1.6
Dim-6 LNC WC [v−2] ΛNP = |Ci|−
1
2 [v] Dim-6 LNC WC [v−2] ΛNP = |Ci|−
1
2 [v]
|VxsC(3),βex1∗lq − VxsC
(3),1x
Hq δ
βe − VusC(3),βe∗Hl | (0.096)2.1 × 10−2 (32) 6.9 |C12Hud| 1.9 × 10−3 23
|VxsC(3),βµx1∗lq − VxsC(3),1xHq δβµ − VusC(3),βµ∗Hl | [1.6](0.096)2.1 × 10−2 [7.9] (32) 6.9 - - -
|VxsC(3),βτx1∗lq − VxsC(3),1xHq δβτ − VusC(3),βτ∗Hl | (0.39)4.2 × 10−2 (16) 4.9 - - -
|VxsC(1),βex1lequ | , |Cβe21ledq | (0.21)4.8 × 10−6 (22)4.6 × 102 |VxsC
(3),βex1
lequ | (0.13)2.8 × 10−4 (280) 59
|VxsC(1),βµx1lequ | , |Cβµ21ledq | [7.5](0.44)9.5 × 10−4 [37](150)32 |VxsC(3),βµx1lequ | [4.6](0.28)6.0 × 10−2 [4.6](19)4.1
|VxsC(1),βτx1lequ | , |Cβτ21ledq | (0.31)3.3 × 10−2 (18)5.5 |VxsC(3),βτx1lequ | (1.8)6.2 × 10−2 (7.4)4.0
|VusCβeHNe| 0.041 4.9 |C21βeduNe| 0.041 4.9
|VusCβµHNe| 0.041 4.9 |C21βµduNe| 0.041 4.9
|VusCβτHNe| 0.084 3.4 |C21βτduNe| 0.084 3.4
|Ceβ12LNQd − 12Ce21βLdQN |, |VxsCx1βe∗QuNL| 4.8× 10−6 460 |Ce21βLdQN | 0.0023 21
|Cµβ12LNQd − 12Cµ21βLdQN |, |VxsCx1βµ∗QuNL| 9.5× 10−4 32 |Cµ21βLdQN | 0.48 1.4
|Cτβ12LNQd − 12Cτ21βLdQN |, |VxsCx1βτ∗QuNL| 3.3× 10−2 5.5 |Cτ21βLdQN | 0.50 1.4
Dim-7 LNV WC [v−3] ΛNP = |Ci|−
1
3 [v] Dim-7 LNV WC [v−3] ΛNP = |Ci|−
1
3 [v]
|VusCβeLeHD|, |V ∗xsCx1βeQNLH2 + VusCβeNL1| 5.9× 10−2 2.6 |C21βed¯uLeH |, |C
21βe
duNLH | 5.9× 10−2 2.6
|VusCβµLeHD|, |V ∗xsCx1βµQNLH2 + VusCβµNL1| [5.0]5.9 × 10−2 [2.7]2.6 |C21βµd¯uLeH |, |C
21βµ
duNLH | [5.0]5.9 × 10−2 [2.7]2.6
|VusCβτLeHD|, |V ∗xsCx1βτQNLH2 + VusCβτNL1| 0.12 2.0 |C21βτdu¯LeH |, |C21βτduNLH | 0.12 2.0
|C21eβ
d¯QLLH1
|, |V ∗xsCx1eβQ¯uLLH |, |V ∗xsC
x1βe
QuNeH1|, |C21βedQNeH | 6.7× 10−6 53 |C21eβd¯QLLH2|, |V ∗xsC
x1βe
QuNeH2| 4.0× 10−4 14
|C21µβ
d¯QLLH1
|, |V ∗xsCx1µβQ¯uLLH |, |V ∗xsC
x1βµ
QuNeH1|, |C21βµdQNeH | [1.2]1.3 × 10−3 [9.5]9.1 |C21µβd¯QLLH2|, |V ∗xsC
x1βµ
QuNeH2| [7.2]8.4 × 10−2 [2.4]2.3
|C21τβ
d¯QLLH1
|, |V ∗xsCx1τβQ¯uLLH |, |V ∗xsC
x1βτ
QuNeH1|, |C21βτdQNeH | 4.7× 10−2 2.8 |C21τβd¯QLLH2|, |V ∗xsC
x1βτ
QuNeH2| 8.8× 10−2 2.2
TABLEVIII. Constraints on SMNEFT operators at the electroweak scale. The top (bottom) half of the table
lists constraints for operators with a down (strange) quark. The notation for the brackets follows Tables V
and VI. The generation of the quark fields on the Wilson coefficient is labeled by the number 1, 2, 3 with
the identification for the CKM elements: V1d(s) ≡ Vud(s), V2d(s) ≡ Vcd(s), V3d(s) ≡ Vtd(s).
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Recently, the constraints on SMNEFTWCs from searches at the LHC and HERA and sensitiv-
ities at future colliders have been studied in Refs. [45, 46]. In particular, the authors of Ref. [45]
studied scalar and tensor operators with sterile neutrinos and recast the recent ATLAS search [47]
for a charged lepton and missing transverse momentum events. Translated to our operator basis,
the constraints on the scalar operators read
|C11eeQuNL| ≤ 5.0(0.88)× 10−3v−2 , |C11µµQuNL| ≤ 5.8(1.3)× 10−3v−2 ,
|Cee11LNQd| ≤ 5.2(0.92)× 10−3v−2 , |Cµµ11LNQd| ≤ 6.0(1.4)× 10−3v−2 ,
|Ce11eLdQN | ≤ 1.9(0.38)× 10−2v−2 , |Cµ11µLdQN | ≤ 2.2(0.64)× 10−2v−2 , (56)
where the constraints outside of the brackets only use the transverse mass (mT ) distribution below
800 GeV, in order to ensure the validity of the effective field theory, while the constraints inside
the brackets use the full mT distribution to place constraints. The strongest (weakest) constraint
is on |C11eeQuNL| (|Cµ11µLdQN |) and corresponds to a lower bound on the NP scale ΛNP ≥ 25(140)
TeV (ΛNP ≥ 5.5(19) TeV). See Ref. [45] for further details on current collider constraints and
sensitivities of future collider searches. As the final-state neutrino is not detected, these constraints
more generally apply to arbitrary final-state neutrinos and antineutrinos. Hence the constraints in
Eq. (56) equally apply to a general neutrino flavour β, which is not necessarily equal to the flavour
of the charged lepton. Moreover, the constraints can be translated to LNV operators with LH
neutrinos. We find the following constraints for the dim-7 LNV SMNEFT operators
|C11eeQ¯uLLH | ≤ 7.1(1.2)× 10−3v−3 , |C11µµQ¯uLLH | ≤ 8.2(1.9)× 10−3v−3 ,
|C11eed¯QLLH1| ≤ 7.4(1.3)× 10−3v−3 , |C11µµd¯QLLH1| ≤ 8.5(1.9)× 10−3v−3 ,
|C11eed¯QLLH2| ≤ 3.4(0.68)× 10−3v−3 , |C11µµd¯QLLH2| ≤ 4.0(1.1)× 10−3v−3 . (57)
The tensor operator has to satisfy the most stringent constraint. The strongest (weakest) constraint
is on |C11ee
d¯QLLH2
| (|C11µµ
d¯QLLH1
) and correponds to a lower bound on the NP scale ΛNP ≥ 1.6(2.8)
TeV (ΛNP ≥ 1.2(2.0) TeV). From Table VIII we see the low energy observables place more
stringent constraints on the NP scale for the relevant Wilson coefficient than the high energy LHC
observables.
VI. CONCLUSIONS
We investigate the constraints from low-energy precision measurements on the charged currents
in general neutrino interactions with RH neutrinos in effective field theories. The interactions be-
tween the charged lepton, quarks and left-handed SM neutrinos and/or right-handed neutrinos are
first described by the LNEFT between the electroweak scale and the chiral symmetry breaking
scale. We consider the most sensitive low-energy probes from the weak leptonic decays of pseu-
doscalar mesons and hadronic tau lepton decays. The experimental observables include precise
decay branching ratios, the lepton flavor universality in pseudoscalar meson and tau lepton decays
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and the CKM unitarity. We also take into account the constraint on charged currents in LNEFT
from nuclear beta decay and predict the weak decays of light vector mesons. Finally, we include
the one-loop QCD/QED running for the LNEFT Wilson coefficients from chiral symmetry break-
ing scale to the electroweak scale. The bounds on the LNEFTWilson coefficients are then matched
up to the SMNEFT to constrain new physics above the electroweak scale.
We summarize our main conclusions in the following
• The LFU in pseudoscalar meson and tau lepton decays provides the most stringent constraint
on the vector and scalar WCs. The tau lepton decay into a vector meson and a neutrino as
well as nuclear beta decay also provide complementary bounds on the tensor WCs with τ
or e charged lepton flavor. The LNEFT cutoff scale for the charged current operators with
down (strange) quark is at least 500 (850) GeV.
• The RG mixing effect between the scalar and tensor types of operators leads to additional
constraints on the tensor WCs based on the strong limits on the scalar operators from low-
energy measurements. For ℓ = e(τ) tensor WCs, the RG mixing effect induces more (less)
severe constraints than the beta (tau lepton) decay. It also provides complementary bounds
on the ℓ = µ tensor WCs.
• The constraints on the vector and tensor WCs in LNEFT set upper limits on the weak decay
branching fractions of light vector mesons. The allowed limit for leptonic decay of vector
mesons are at least two orders of magnitude lower than the SM predictions.
• The most stringent bounds on the NP scale of dim-6 LNC and dim-7 LNV operators in
SMNEFT are 74 (110) TeV and 9.8 (13) TeV, respectively, for the operators with down
(strange) quark.
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Appendix A: The complete operator basis involving RH neutrinos N in the LNEFT
For the convenience of the reader we make the connection to the LEFT operator basis in
Ref. [1], which is defined as
L =
∑
i
LiOi (A1)
with operators Oi as defined in
OV,LLνℓdu =(νγµℓL)(dLγµuL) , OV,LRνℓdu =(νγµℓL)(dRγµuR) , OS,RRνℓdu =(νℓR)(dLuR) ,
OS,RLνℓdu =(νℓR)(dRuL) , OT,RRνℓdu =(νσµνℓR)(dLσµνuR) ,
OV,RLνℓdu =(νCγµℓR)(dLγµuL) , OV,RRνℓdu =(νCγµℓR)(dRγµuR) , OS,LLνℓdu =(νCℓL)(dRuL) ,
OS,LRνℓdu =(νCℓL)(dLuR) , OT,LLνℓdu =(νCσµνℓL)(dRσµνuL) . (A2)
The mapping of the subset of the operators in our basis, which maps to the operators above is
given by
CVudℓν1 =
(
LV,LLνℓdu
)∗
CVudℓν2 =
(
LV,LRνℓdu
)∗
CSudℓν1 =
(
LS,RRνℓdu
)∗
CSudℓν2 =
(
LS,RLνℓdu
)∗
CTudℓν =
(
LT,RRνℓdu
)∗
CVduℓν1 = L
V,RL
νℓdu C
V
duℓν2 = L
V,RR
νℓdu C
S
duℓν1 = L
S,LL
νℓdu
CSduℓν2 = L
S,LR
νℓdu C
T
duℓν = −LT,LLνℓdu (A3)
The full list of independent LNEFT operators with at least one RH neutrino N at dim-6 was
constructed in Ref. [2, 3] and is repeated in Tables IX and X, where in the third and sixth columns
in each table we also show the independent number of operators with flavors being considered
(the up-type quarks with the total flavors nu = 2, the remaining charged fermions have nf = 3
flavors). All those operators are classified in terms of the net number of the SM global baryon and
lepton quantum numbers.
Appendix B: The SMNEFT operator basis at dim-6 and dim-7
Besides the SMEFT operators at dim-6 [5] and dim-7 [6, 8], the SMNEFT also includes addi-
tional operators involving RH SM singlet fermions N . These operators with RH neutrino N are
classified in Ref. [9] and repeated in Table XI at dim-6 and Table XII at dim-7. For the dim-7
operators, by using the Fierz transformations here, we have rearranged some of the four-fermion
operators given in Ref. [9] to have clear flavor symmetry and quark-lepton current structure. In
addition, for the operators involving gauge field strength tensors, we accompany a corresponding
gauge coupling constant for each involved field strength tensor. Besides the operator basis in-
volving RH neutrinos N in Table XI and Table XII, in our matching calculation we also need the
following relevant SMEFT dim-6 operators
O(3)Hl = (H†i
←→
D IµH)(Lτ
IγµL) , O(3)Hq = (H†i
←→
D IµH)(Qτ
IγµQ) ,
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Operator Specific form #(nf , nu) Operator Specific form #(nf , nu)
(∆L,∆B) = (0, 0)
(LL)(RR) (RR)(RR)
OVℓN1(⋆⋆)(H) (ℓLγµℓL)(NγµN) n4f OVℓN2(⋆⋆)(H) (ℓRγµℓR)(NγµN) n4f
OVdN1(⋆⋆)(H) (dLγµdL)(NγµN) n4f OVdN2(⋆⋆)(H) (dRγµdR)(NγµN) n4f
OVuN1(⋆⋆)(H) (uLγµuL)(NγµN) n2fn2u OVuN2(⋆⋆)(H) (uRγµuR)(NγµN) n2fn2u
OVudℓN1(⋆) (uLγµdL)(ℓRγµN) n3fnu OVudℓN2(⋆) (uRγµdR)(ℓRγµN) n3fnu
OVνN (⋆⋆)(H) (νγµν)(NγµN) n4f OVN (⋆ ⋆ ⋆⋆)(H) (NγµN)(NγµN) 14n2f (nf + 1)2
(LR)(LR) (RL)(LR)
OSℓνN1(⋆) (ℓLℓR)(νN) n4f OSℓνN2(⋆) (ℓRℓL)(νN) n4f
OTℓνN (⋆) (ℓLσµνℓR)(νσµνN) n4f
OSdνN1(⋆) (dLdR)(νN) n4f OSdνN2(⋆) (dRdL)(νN) n4f
OTdνN (⋆) (dLσµνdR)(νσµνN) n4f
OSuνN1(⋆) (uLuR)(νN) n2fn2u OSuνN2(⋆) (uRuL)(νN) n2fn2u
OTuνN (⋆) (uLσµνuR)(νσµνN) n2fn2u
OSudℓN1(⋆) (uLdR)(ℓLN) n3fnu OSudℓN2(⋆) (uRdL)(ℓLN) n3fnu
OTudℓN (⋆) (uLσµνdR)(ℓLσµνN) n3fnu
OSνNνN (⋆⋆) (νN)(νN) 12n2f (n2f + 1)
(∆L,∆B) = (2, 0)
(LL)(RR) (RR)(RR)
OVℓνN1(⋆) (ℓLγµℓL)(νCγµN) n4f OVℓνN2(⋆) (ℓRγµℓR)(νCγµN) n4f
OVdνN1(⋆) (dLγµdL)(νCγµN) n4f OVdνN2(⋆) (dRγµdR)(νCγµN) n4f
OVuνN1(⋆) (uLγµuL)(νCγµN) n2fn2u OVuνN2(⋆) (uRγµuR)(νCγµN) n2fn2u
OVduℓN1(⋆) (dLγµuL)(ℓCLγµN) n3fnu OVduℓN2(⋆) (dRγµuR)(ℓCLγµN) n3fnu
OVννN (⋆) (νγµν)(νCγµN) 12n3f (nf + 1) OVNνN (⋆ ⋆ ⋆) (NγµN)(νCγµN) 12n3f (nf + 1)
TABLE IX. Dim-6 operator basis involving RH neutrinosN in LNEFT. Here all operators are non-hermitian
expect those with a (H) in the first sector. The number of ⋆ after each operator indicates the number of the
RH neutrinos involved in the same operator.
OHud = i(H˜†DµH)(uγµd) , O(3)lq = (Lγµτ IL)(Qγµτ IQ) ,
Oledq = (Le)(dQ) , O(1)lequ = (Le)ǫ(Qu) ,
O(3)lequ = (Lσµνe)ǫ(Qσµνu) , (B1)
and also dim-7 operators [42]
OLeHD = ǫijǫmn(LC,iγµe)Hj(HmiDµHn) ,
OdQLLH1 = ǫijǫmn(dQi)(LC,jLm)Hn , OduLeH = ǫij(dγµu)(LC,iγµe)Hj ,
OdQLLH2 = ǫijǫmn(dσµνQi)(LC,jσµνLm)Hn , OQuLLH = ǫij(Qu)(LCLi)Hj . (B2)
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Operator Specific form #(nf , nu) Operator Specific form #(nf , nu)
(LR)(LR) (RL)(LR)
OSℓN1(⋆⋆) (ℓLℓR)(NCN) 12n3f (nf + 1) OSℓN2(⋆⋆) (ℓRℓL)(NCN) 12n3f (nf + 1)
OTℓN (⋆⋆) (ℓLσµνℓR)(NCσµνN) 12n3f (nf − 1)
OSdN1(⋆⋆) (dLdR)(NCN) 12n3f (nf + 1) OSdN2(⋆⋆) (dRdL)(NCN) 12n3f (nf + 1)
OTdN(⋆⋆) (dLσµνdR)(NCσµνN) 12n3f (nf − 1)
OSuN1(⋆⋆) (uLuR)(NCN) 12n2unf (nf + 1) OSuN2(⋆⋆) (uRuL)(NCN) 12nf (nf + 1)n2u
OTuN (⋆⋆) (uLσµνuR)(NCσµνN) 12n2unf (nf − 1)
OSduℓN1(⋆) (dLuR)(ℓCRN) n3fnu OSduℓN2(⋆) (dRuL)(ℓCRN) n3fnu
OTduℓN(⋆) (dLσµνuR)(ℓCRσµνN) n3fnu (RL)(RL)
OSνNN (⋆ ⋆ ⋆) (νN)(NCN) 13n2f (n2f − 1) OSNνν(⋆) (Nν)(νCν) 13n2f (n2f − 1)
(∆L,∆B) = (4, 0)
(LR)(LR) (RL)(LR)
OSN (⋆ ⋆ ⋆⋆) (NCN)(NCN) 112n2f (n2f − 1) OSνN (⋆⋆) (νCν)(NCN) 14n2f (nf + 1)2
(∆L,∆B) = (1, − 1)
(RR)(RR) (LR)(LR)
OVdduN1(⋆) (dRγµdCL )(uRγµN) n3fnu OSuddN1(⋆) (uLdCL )(dLN) n3fnu
(RL)(LR)
OSdduN1(⋆) (dRdCR)(uLN) 12n2f (nf − 1)nu
(∆L,∆B) = (1, 1)
(LL)(RR) (LR)(LR)
OVdduN2(⋆) (dCRγµdL)(uCLγµN) n3fnu OVuddN2(⋆) (uCRdR)(dCRN) n3fnu
(RL)(LR)
OSdduN2(⋆) (dCLdL)(uCRN) 12n2f (nf − 1)nu
Total # = 2331|L=0B=0 + 2304|L=2B=0 + 84|L=4B=0 + 252|L=1B=−1 + 252|L=2B=1 = 5223, (nf , nu) = (3, 2)
TABLE X. Continuation of Table IX.
Appendix C: The decay matrix elements of meson and tau lepton
For P+(upd¯r)→ ℓ+αν/N , we find the following∆L = 0 hadron-level amplitudes
M(P+ → ℓ+ανβ) = −
i
2
fP
(
CV ∗udℓν1 − CV ∗udℓν2
)
uν✁pPLvℓ+
− im
2
P fP
2(mup +mdr)
(
CS∗udℓν1 − CS∗udℓν2
)
uνPRvℓ+ , (C1)
M(P+ → ℓ+αNβ) = −
i
2
fP
(
CV ∗udℓN1 − CV ∗udℓN2
)
uN ✁pPRvℓ+
+
im2P fP
2(mup +mdr)
(
CS∗udℓN1 − CS∗udℓN2
)
uNPLvℓ+ , (C2)
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ψ2H3(+h.c.) (LR)(LR)(+h.c.) (LL)(RR)
OLNH (LN)H˜(H†H) OLNLe (LN)ǫ(Le) OLN (LγµL)(NγµN)
ψ2H2D(+h.c.) OLNQd (LN)ǫ(Qd) OQN (QγµQ)(NγµN)
OHN (H) (NγµN)(H†i
←→
DµH) OLdQN (Ld)ǫ(QN) (∆L,∆B) = (4, 0)
OHNe (Nγµe)(H˜†iDµH) (RR)(RR) ONNNN (NCN)(NCN)
ψ2HX(+h.c.) ONN (NγµN)(NγµN) (∆L,∆B) = (1, 1)
ONB g¯1(LσµνN)H˜Bµν OeN (eγµe)(NγµN) OQQdN ǫijǫαβσ(Qi,Cα Qjβ)(dCσN)
ONW g¯2(LσµνN)τI H˜W Iµν OuN (uγµu)(NγµN) OuddN ǫαβσ(uCα dβ)(dCσN)
(LR)(RL)(+h.c.) OdN (dγµd)(NγµN)
OQuNL (Qu)(NL) OduNe(+h.c.) (dγµu)(Nγµe)
TABLE XI. The basis of dim-6 operators involving RH neutrino N in SMNEFT [8], where α, β, σ and
i, j are SU(3)C and SU(2)L indices, respectively.
NψH3D Nψ3D N2ψ2H
ONL1 ǫij(NCγµLi)(iDµHj)(H†H) OeNLLD ǫij(eγµN)(Li,C i
←→
D µLj) OLNeH (LN)(NCe)H
ONL2 ǫij(NCγµLi)Hj(H†i
←→
DµH) OduNeD (dγµu)(NC i
←→
D µe) OeLNH H†(eL)(NCN)
NψH2D2 OQuNLD (Qi←→D µu)(NCγµL) OQNdH (QN)(NCd)H
ONeD ǫij(NC←→D µe)(HiDµHj) OdQNLD ǫij(di
←→
D µQi)(NCγµLj) OdQNH H†(dQ)(NCN)
NψH2X N2ψ2D OQNuH (QN)(NCu)H˜
ONeW g2(ǫτI)ij(NCσµνe)(HiHj)W Iµν OLND (LγµL)(NC i
←→
∂ µN) OuQNH H˜†(uQ)(NCN)
NψHDX OQND (QγµQ)(NC i
←→
∂ µN) N3ψH
ONLB1 g1ǫij(NCγµLi)(DνHj)Bµν OeND (eγµe)(NC i
←→
∂ µN) OLNNH (LN)(NCN)H˜
ONLB2 g1ǫij(NCγµLi)(DνHj)B˜µν OuND (uγµu)(NC i
←→
∂ µN) ONLNH H˜†(NL)(NCN)
ONLW1 g2(ǫτI)ij(NCγµLi)(DνHj)W Iµν OdND (dγµd)(NC i
←→
∂ µN) /B : Nψ3D & Nψ3H
ONLW2 g2(ǫτI)ij(NCγµLi)(DνHj)W˜ Iµν N4D OuNdD ǫαβσ(uαγµN)(dβ i
←→
D µdCσ )
N2H4 ONND (NγµN)(NC i
←→
∂ µN) OdNQD ǫijǫαβσ(dαγµN)(Qiβ i
←→
D µQCjσ)
ONH (NCN)(H†H)2 Nψ3H OQNdH ǫijǫαβσ(QiαN)(dβdCσ )H˜j
N2H2D2 OLNLH ǫij(LγµL)(NCγµLi)Hj OQNQH ǫijǫαβσ(QiαN)(QjβQCσ )H
ONHD1 (NC
←→
∂ µN)(H†
←→
DµH) OQNLH1 ǫij(QγµQ)(NCγµLi)Hj OQNudH ǫαβσ(QαN)(uβdCσ )H
ONHD2 (NCN)(DµH)†DµH OQNLH2 ǫij(QγµQi)(NCγµLj)H N2X2
N2H2X OeNLH ǫij(eγµe)(NCγµLi)Hj ONB1 α1(NCN)BµνBµν
ONHB g1(NCσµνN)(H†H)Bµν OdNLH ǫij(dγµd)(NCγµLi)Hj ONB2 α1(NCN)Bµν B˜µν
ONHW g2(NCσµνN)(H†τIH)W Iµν OuNLH ǫij(uγµu)(NCγµLi)Hj ONW1 α2(NCN)W IµνW Iµν
OduNLH ǫij(dγµu)(NCγµLi)H˜j ONW2 α2(NCN)W IµνW˜ Iµν
OdQNeH ǫij(dQi)(NCe)Hj ONG1 α3(NCN)GAµνGAµν
OQuNeH1 (Qu)(NCe)H ONG2 α3(NCN)GAµν G˜Aµν
OQuNeH2 (Qσµνu)(NCσµνe)H
TABLE XII. The basis of dim-7 operators involving RH neutrino N in SMNEFT, where all of the operators
are non-hermitian with the net global quantum number |∆L−∆B| = 2. Here g1,2,3 are the gauge coupling
constants for the gauge groups U(1)Y , SU(2)L, SU(3)C , respectively, and αi = g
2
i /(4π).
where pµ denotes the momentum of the meson. The ∆L = −2 amplitudes for P+(upd¯r) →
ℓ+α ν¯/N¯ are
M(P+ → ℓ+α ν¯β) = −
i
2
fP
(
CVduℓν1 − CVduℓν2
)
vCℓ+✁pPLvν¯
+
im2PfP
2(mup +mdr)
(
CSduℓν1 − CSduℓν2
)
vCℓ+PLvν¯ , (C3)
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M(P+ → ℓ+α N¯β) = −
i
2
fP
(
CVduℓN1 − CVduℓN2
)
vCℓ+✁pPRvN¯
− im
2
PfP
2(mup +mdr)
(
CSduℓN1 − CSduℓN2
)
vCℓ+PRvN¯ . (C4)
For V +(upd¯r)→ ℓ+ν/N , the LNC hadron-level matrix elements with∆L = 0 are
M(V + → ℓ+ανβ) =
1
2
(
CV ∗udℓν1 + C
V ∗
udℓν2
)
fVmV ǫ
µ
V uνγµPLvℓ+
+ iCT∗udℓνf
T
V (ǫ
µ
V p
ν
V − ǫνV pµV )uνσµνPRvℓ+ , (C5)
M(V + → ℓ+αNβ) =
1
2
(
CV ∗udℓN1 + C
V ∗
udℓN2
)
fVmV ǫ
µ
V uNγ
µPRvℓ+
+ iCT∗udℓNf
T
V (ǫ
µ
V p
ν
V − ǫνV pµV )uNσµνPLvℓ+ . (C6)
The LNV matrix elements with∆L = −2 for V +(upd¯r)→ ℓ+ν¯/N¯ are
M(V + → ℓ+α ν¯β) =
1
2
(
CVduℓν1 + C
V
duℓν2
)
fVmV ǫ
µ
V v
C
ℓ+γµPLvν¯
+ iCTduℓνf
T
V (ǫ
µ
V p
ν
V − ǫνV pµV )vCℓ+σµνPLvν¯ , (C7)
M(V + → ℓ+α N¯β) =
1
2
(
CVduℓN1 + C
V
duℓN2
)
fVmV ǫ
µ
V v
C
ℓ+γµPRvN¯
+ iCTduℓNf
T
V (ǫ
µ
V p
ν
V − ǫνV pµV )vCℓ+σµνPRvN¯ . (C8)
For τ− → P−(u¯pdr)ν/N¯ , the LNC hadron-level matrix elements with∆L = 0 are
M(τ− → P−νβ) = i
2
fP
(
CV ∗udℓν1 − CV ∗udℓν2
)
uν✁pPLuτ−
− im
2
PfP
2(mup +mdr)
(
CS∗udℓν1 − CS∗udℓν2
)
uνPRuτ− , (C9)
M(τ− → P−Nβ) = i
2
fP
(
CV ∗udℓN1 − CV ∗udℓN2
)
uN ✁pPRuτ−
+
im2PfP
2(mup +mdr)
(
CS∗udℓN1 − CS∗udℓN2
)
uNPLuτ− . (C10)
For τ− → P−(u¯pdr)ν¯/N¯ , the LNV hadron-level matrix elements with∆L = −2 are
M(τ− → P−ν¯β) = i
2
fP
(
CVduℓν1 − CVduℓν2
)
uCτ−✁pPLvν¯
+
im2P fP
2(mup +mdr)
(
CSduℓν1 − CSduℓν2
)
uCτ−PLvν¯ , (C11)
M(τ− → P−N¯β) = i
2
fP
(
CVduℓN1 − CVduℓN2
)
uCτ−✁pPRvN¯
− im
2
P fP
2(mup +mdr)
(
CSduℓN1 − CSduℓN2
)
uCτ−PRvN¯ . (C12)
For τ− → V −(u¯pdr)ν/N , the LNC hadron-level matrix elements with∆L = 0 are
M(τ− → V −νβ) = 1
2
(
CV ∗udℓν1 + C
V ∗
udℓν2
)
fVmV ǫ
µ∗
V uνγµPLuτ−
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− iCT∗udℓνfTV (ǫµ∗V pνV − ǫν∗V pµV )uνσµνPRuτ− , (C13)
M(τ− → V −Nβ) = 1
2
(
CV ∗udℓN1 + C
V ∗
udℓN2
)
fVmV ǫ
µ∗
V uNγµPRuτ−
− iCT∗udℓNfTV (ǫµ∗V pνV − ǫν∗V pµV )uNσµνPLuτ− . (C14)
For τ− → V −(u¯pdr)ν¯/N¯ , the LNV hadron-level matrix elements with∆L = −2 are
M(τ− → V −ν¯β) = 1
2
(
CVduℓν1 + C
V
duℓν2
)
fVmV ǫ
µ∗
V u
C
τ−γµPLvν¯
− iCTduℓνfTV (ǫµ∗V pνV − ǫν∗V pµV )uCτ−σµνPLvν¯ , (C15)
M(τ− → V −N¯β) = 1
2
(
CVduℓN1 + C
V
duℓN2
)
fVmV ǫ
µ∗
V u
C
τ−γ
µPRvN¯
− iCTduℓNfTV (ǫµ∗V pνV − ǫν∗V pµV )uCτ−σµνPRvN¯ . (C16)
Appendix D: β decay
Recently the authors of Ref. [39] studied β decay. We use their result and translate it to the
full LNEFT operator basis. In this section, we collect the relevant matrix elements and report
the translation to the operator basis used in Ref. [39]. The neutron-to-proton transition can be
parameterized as [39, 48, 49]
〈p(pp)|u¯γµd|n(pn)〉 = u¯p(pp)gV γµun(pn) +O(q/MN) ,
〈p(pp)|u¯γµγ5d|n(pn)〉 = u¯p(pp)gAγµγ5un(pn) +O(q/MN) ,
〈p(pp)|u¯d|n(pn)〉 = u¯p(pp)gSun(pn) +O(q2/M2N) ,
〈p(pp)|u¯γ5d|n(pn)〉 = u¯p(pp)gPγ5un(pn) +O(q2/M2N) ,
〈p(pp)|u¯σµνd|n(pn)〉 = u¯p(pp)gTσµνun(pn) +O(q/MN) (D1)
where the 4-momentum q = pn−pp denotes the difference between the 4-momenta of the neutron
and proton andMN = Mn = Mp denotes the nucleon mass. The numerical values of the nuclear
form factors are [39]
gV =1 , gA =1.278(33) , gT =0.987(55) , gS =1.02(11) , gP =349(9) . (D2)
The nucleon-level∆L = 0 amplitudes are
M(n→ pℓ−α ν¯β) =
1
2
(
CVudℓν1 + C
V
udℓν2
)
gV u¯pγµunuℓ−γ
µPLvν¯
− 1
2
(
CVudℓν1 − CVudℓν2
)
gAu¯pγµγ5unuℓ−γ
µPLvν¯
+
1
2
(
CSudℓν1 + C
S
udℓν2
)
gSu¯punuℓ−PLvν¯
− 1
2
(
CSudℓν1 − CSudℓν2
)
gP u¯pγ5unuℓ−PLvν¯
+ CTudℓνgT u¯pσµνun uℓ−σ
µνPLvν¯ , (D3)
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M(n→ pℓ−α N¯β) =
1
2
(
CVudℓN1 + C
V
udℓN2
)
gV u¯pγµunuℓ−γ
µPRvN¯
− 1
2
(
CVudℓN1 − CVudℓN2
)
gAu¯pγµγ5unuℓ−γ
µPRvN¯
+
1
2
(
CSudℓN1 + C
S
udℓN2
)
gSu¯punuℓ−PRvN¯
+
1
2
(
CSudℓN1 − CSudℓN2
)
gP u¯pγ5unuℓ−PRvN¯
+ CTudℓNgT u¯pσµνun uℓ−σ
µνPRvN¯ . (D4)
The ∆L = 2 amplitudes are
M(n→ pℓ−ανβ) =
1
2
(
CV ∗duℓν1 + C
V ∗
duℓν2
)
gV u¯pγµunuνγ
µPLu
C
ℓ−
− 1
2
(
CV ∗duℓν1 − CV ∗duℓν2
)
gAu¯pγµγ5unuνγ
µPLu
C
ℓ−
+
1
2
(
CS∗duℓν1 + C
S∗
duℓν2
)
gSu¯punuνPRu
C
ℓ−
+
1
2
(
CS∗duℓν1 − CS∗duℓν2
)
gP u¯pγ5unuνPRu
C
ℓ−
+ CT∗duℓνgT u¯pσµνun uνσ
µνPRu
C
ℓ− , (D5)
M(n→ pℓ−αNβ) =
1
2
(
CV ∗duℓN1 + C
V ∗
duℓN2
)
gV u¯pγµunuNγ
µPRu
C
ℓ−
− 1
2
(
CV ∗duℓN1 + C
V ∗
duℓN2
)
gAu¯pγµγ5unuNγ
µPRu
C
ℓ−
+
1
2
(
CS∗duℓN1 + C
S∗
duℓN2
)
gSu¯punuNPLu
C
ℓ−
− 1
2
(
CS∗duℓN1 − CS∗duℓN2
)
gP u¯pγ5unuNPLu
C
ℓ−
+ CT∗duℓNgT u¯pσµνun uNσ
µνPLu
C
ℓ− . (D6)
In the main part of the text we translate the bounds in Secs. 4.4 and 4.5 of Ref. [39] to our operator
basis. The first case without RH neutrinos, which is discussed in Sec. 4.4, assumes for the Lee-
Yang effective couplings [50] C ′i = Ci, i.e. there are no couplings to right-handed neutrinos. The
second fit, which is presented in Sec. 4.5, involves LH neutrinos for the vector and axial-vector
interactions and RH neutrinos for the scalar and tensor interactions, i.e. C ′V = CV , C
′
A = CA,
C ′S = −CS , C ′T = −CT . The LNEFT Wilson coefficients introduced in Sec. II A are related to the
Lee-Yang effective couplings as follows
• LNC ν case:
1
4
(
CVudℓν1 + C
V
udℓν2
)
gV = CV = C
′
V ,
1
4
(
CVudℓν1 − CVudℓν2
)
gA = −CA = −C ′A ,
1
4
(
CSudℓν1 + C
S
udℓν2
)
gS = CS = C
′
S ,
1
4
(
CSudℓν1 − CSudℓν2
)
gP = CP = C
′
P ,
1
2
CTudℓνgT =
1
2
CT =
1
2
C ′T , (D7)
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• LNC N case:
1
4
(
CVudℓN1 + C
V
udℓN2
)
gV = CV = −C ′V ,
1
4
(
CVudℓN1 − CVudℓN2
)
gA = CA = −C ′A ,
1
4
(
CSudℓN1 + C
S
udℓN2
)
gS = CS = −C ′S ,
1
4
(
CSudℓN1 − CSudℓN2
)
gP = CP = −C ′P ,
1
2
CTudℓNgT =
1
2
CT = −1
2
C ′T , (D8)
• LNV ν case:
1
4
(
CV ∗duℓν1 + C
V ∗
duℓν2
)
gV = −CV = C ′V ,
1
4
(
CV ∗duℓν1 − CV ∗duℓν2
)
gA = −CA = C ′A ,
1
4
(
CS∗duℓν1 + C
S∗
duℓν2
)
gS = CS = −C ′S ,
1
4
(
CS∗duℓν1 − CS∗duℓν2
)
gP = CP = −C ′P ,
1
2
CT∗duℓνgT = −
1
2
CT =
1
2
C ′T , (D9)
• LNV N case:
1
4
(
CV ∗duℓN1 + C
V ∗
duℓN2
)
gV = −CV = −C ′V ,
1
4
(
CV ∗duℓN1 − CV ∗duℓN2
)
gA = CA = C
′
A ,
1
4
(
CS∗duℓN1 + C
S∗
duℓN2
)
gS = CS = C
′
S ,
1
4
(
CS∗duℓN1 − CS∗duℓN2
)
gP = CP = C
′
P ,
1
2
CT∗duℓNgT = −
1
2
CT = −1
2
C ′T . (D10)
Hence we find for the relevant quark-level Wilson coefficients used in Ref. [39] in the first fit
ǫR =
CV + C
′
V
4gV
+
CA + C
′
A
4gA
, ǫS =
CS + C
′
S
2gS
, ǫP =
CP + C
′
P
2gP
, ǫT =
CT + C
′
T
8gT
, (D11)
where the Lee-Yang couplings Ci are redefined as Ci = (GFVud/
√
2)C i. The relevant quark-level
Wilson coefficients in the second fit are
ǫ˜S =
CS − C ′S
2gS
, ǫ˜T =
CT − C ′T
8gT
. (D12)
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